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OF PETROLEUM 


and signed as a correct record. ‘The names of members 
elected since the previous meeting were also announced. 


THE INSTITUTE 


AN Ordinary General Meeting of the Institute of Petrol- 
eum was held at 61 New Cavendish Street, London, W.1, 
on 2 April 1958, the Chair being taken by A. C. Hartley, 
C.B.E., a vice-president of the Institute. 

The minutes of the previous meeting were confirmed 


The following paper was then presented in summary: 


ANTISTATIC ADDITIVES IN THE PETROLEUM INDUSTRY * 
By A. KLINKENBERG# and B. V. POULSTON ¢ 


SUMMARY 


It has been realized for some time that certain operations employed in handling petroleum products can result 
in the accumulation of electrostatic charges sufficient to cause explosions. These operations include pumping 
at high speeds through pipelines, settling, etc. The manner in which this charge accumulation can occur is 
briefly explained. 

experimental work is described in which it is shown that dangerous accumulations of electric charge in oil 
products can be satisfactorily prevented by increasing the electrical conductivity of the product. This can be 
achieved by means of an antistatic additive. 

In this paper the considerations leading to the discovery of an antistatic additive, of which only a very low 
concentration need be used, will be outlined. A discussion of its practical possibilities follows, covering points such 
as: (1) stability of the additive during handling; (2) type of product to be protected by the additive; (3) effect 
of the additive on specification tests of various products. 


INTRODUCTION 


In spite of the enforcement of strict safety regulations 
and of the development of handling procedures, which 
over the years have proved to be safe in the vast 
majority of cases, disastrous explosions and fires have 
oceasionally occurred with petroleum products. Some 
of these accidents have obviously been caused by ¢ 
violation of the safety rules, but in certain cases this 
possibility has been practically excluded, and it has 
become more and more likely that the remainder must 
be largely attributed to a spark discharge caused by 
an accumulation of static electricity. 

The phenomena pertaining to static electricity 
were, however, insufficiently understood, and_ it 
became evident that in order to shed light on certain 
aspects of the subject, controlled experiments in the 
laboratory and in full-scale plant were necessary. 
These have led to the development of a means by 


which the hazard of static electricity due to flow of 


hydrocarbon fluids can be reduced to negligible pro- 
portions throughout the industry. Neither ignition 
through lightning nor static electricity generated by 
steam will be considered in this paper. 


THE GENERATION OF ELECTROSTATIC 
CHARGE 


As a preliminary to the experimental investigation 
of static electricity, a survey was made covering a 
considerable number of accidents attributed to this 


* MS received 14 February 1958. 
$ ‘Shell’ Research Ltd. 


‘ause over many years. The aspect common to all 
these cases was that static electricity could have been 
generated and accumulated in a liquid of very low 
electrical conductivity. The survey showed that 
most of these explosions occurred in tanks either 
during filling or stirring operations or during the 
settling of water or acid in an oil product. 

A further classification of these explosions is shown 
in Table I. 


I 
Survey of Tank Explosions caused by Liquids in Motion 
(a) Flow of oil-water or oil-air mixtures in pipelines to 
(b) Stirring up of water bottoms and agitating during 
(¢) Splash filling of oil, water, chemical solutions (spent 
sulphuric acid) into a tank already containing 
product. : 


(¢) Settling of treating solutions, or water, out of vil ee 
Several accidents in group (b) occurred during 
blending, e.g. when a gasoline stream was being 
introduced just above a water interface, or while 
introducing butane through a water draw-off line. 

It is evident from these data that the generation of 
static electricity is associated with the movement of 
liquids relative to one another or to the walls of the 
pipes in which they flow. 

A generally accepted picture of the way in which 
static electricity is generated by a flowing liquid pre- 
supposes the presence in the liquid of ions—positively 
or negatively charged particles. In hydrocarbons, 
which themselves cannot produce ions, the ions are 
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formed by dissociation of small amounts of certain 
trace substances. Extremely small concentrations of 
such trace substances will produce sufficient ions to 
account for the effects observed. 

Since, initially, the liquid as a whole is electrically 
neutral, at least two kinds of ions must be present, 
carrying charges of opposite signs. These ions will 
have different affinities for the pipe wall or other 
material in contact with the hydrocarbon liquids. 
An excess of ions of one polarity is therefore supposed 
to form a covering layer over the boundary, while 
the ions of the other polarity form a mobile second 
layer in the liquid, very close to the first one. This 
conception of two layers of oppositely charged ions 
built up near a boundary of a liquid is known as the 
‘electric double layer,” and was first suggested by 
Helmholtz (1879). 

Now, when the liquid is flowing past the boundary 
the second layer of ions may be stripped from the 
boundary and be carried away. The liquid will 
therefore contain an excess of ions of one polarity, 
i.e. it is electrically charged (see Fig 1). 


LIQUID OR GAS PHASE 
WITH LIQUID HYDROCARBON 


CHARGES OF OPPOSITE LIQUID HYDROCARBON 
POLARITY + MOVEMENT TRANSPORTING 
MOBILE CHARGES 


TENDENCY TO 
HYDRODYNAMIC 
TURSULENCE 


Fie 1 


DIAGRAM ILLUSTRATING THE CONCEPTION OF BOUND AND 
MOBILE CHARGES, AND THE FEATURES CONTROLLING THE 
MOVEMENT OF THE MOBILE CHARGES 


Of course the charge in the liquid will tend to leak 
back to the wall by electrical conduction through the 
liquid, but, provided that the conductivity of the 
liquid is low enough, the liquid will still contain a 
charge when it emerges from the pipe. 

The electrical conductivity of the liquid is another 
manifestation of the presence of ions. The fact that 
oil products do have a certain, though low, con- 
ductivity, supports the assumption of the presence of 
ions on which the picture of charge generation was 
built. 

The specific electrical conductivity of a material is 
defined as being numerically equal to the conductance 
of a cube of unit size. For the low conductivities 
encountered in this work, a convenient unit is 1 
picomho/m, which is 10-!* reciprocal ohm/m (or 10-™ 
reciprocal ohm/cm). 

The measurement of the conductivity of hydro- 
carbon products offers some difficulties, largely be- 


cause of the extremely low concentrations of ions 
responsible for the conduction. True results can 
easily be masked by impurities introduced, for 
instance, during the process of sampling. Too high 
an electric stress imposed on the liquid in the measur- 
ing apparatus can also lead to false readings. This is 
because in a strong electric field the ions will migrate 
rapidly to the electrodes. 

The following is a standard method, employed by 
various teams studying the electrification of petroleum 


ELECTROMETER 


INSULATION 10”? 


STEEL 


130 DIMENSIONS mm_ 


Fie 2% 
APPARATUS FOK DETERMINATION OF CONDUCTIVITY 


products. A condenser of standard size is formed, 
using a sample of the hvdroearbor liquid as the 
dielectric. As shown in Fig 2, one electrode consists 
of a sphere suspended in the liquid ai che centre of 
a container and the other electrode is formed by 
the container. A small known voltage is applied to 
the central electrode, and the time taken for this 
voltage to decrease to a standard fraction of its initial 
value is measured. From knowledge of the capaci- 
tances in the system and the dielectric constant of the 


II 
Conductivities of some Petroleum Products 
Conductivity, 
Product picomho/m 

White spirit . 0-02- 1 
Motor gasoline . 03 — 10 
Kerosine i 0-02- 40 
Crude oils ‘ 1500 —70,000 


liquid the conductivity of the sample is then cal- 
culated. 

In order to obtain reliable results with this appara- 
tus, scrupulous cleanliness should be observed and 
standardization procedures should be carried out 
frequently. 

It is significant that in all accidents ascribed to 
static electricity white products have been involved. 
These not only include the products which most 
readily form inflammable vapour-air mixtures, but 
from Table IT it will also be seen that white products 
have the lowest conductivities. 
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Potentially the most dangerous products are those 
having conductivities below 10 picomho/m. There is 
a certain level of conductivity above which oil pro- 
ducts can be safely handled. The reasons for this 
will be explained in the following section, where the 
conditions inside the tank receiving the charged 
product will be considered. 


THE REQUIRED LEVEL OF CONDUCTIVITY 


During the filling of a tank, a balance is reached 
between the rate of generation of electricity, caused 
by the flow of oil through the pipeline, and the rate of 
dissipation of electricity after the charged oil has 
reached the tank. For a given rate of generation of 
electricity the amount of charge present at any 
moment in the tank will be small if the charge is 
easily dissipated or, in other words, if the specific 
conductivity of the oil product is high. Conversely, if 
the conductivity is low, a much larger amount of 
electricity will accumulate in the contents of the tank. 

If an earthed metal tank is wholly filled with a 
charged oil product, and if there is no further charge 
being added to the product, the time needed to reduce 
the value of the electric charge to half its original 
value is inversely proportional to the conductivity and 
proportional to the dielectric constant of the liquid. 
This time is known as the half-value time.* 

For most hydrocarbons the dielectric constant is 
about 2, and for this value the relationship between 
conductivity and half-value time is shown in Fig 3. 

The question now arises as to what level of con- 
ductivity is necessary to render the handling of oil 
products safe. First, however, a criterion of safety 
must be defined. The fundamental criterion is, of 
course, that there should be no spark, and this implies 
that a certain critical electric field strength should 
not be exceeded. 

It is, however, not possible to predict beforehand 
exactly when and where this critical field strength 
will be exceeded, except for some very simple cases. 
Therefore an empirical approach is required. 

It should be realized that the field strength distri- 
bution in an actual tank is very complicated because 
of the influence of the tank structure and other in- 
ternal fittings. It has thus been the practice to 
measure the vertical component of the field strength 
in the centre of the tank, above the liquid level. The 
assumption is then made that the highest electric 
field strength, wherever it may occur inside the tank, 
is proportional to the value measured. 

Very strong fields were recorded in this way while 
product was being pumped into a tank, and these 
fields were particularly strong when two phases (e.g. 
oil-water) were being pumped together. Field 
strengths | of up to 100 kV/m were observed quite 
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regularly in a large tank, in which a field meter was 
suspended several metres above the surface of the 
liquid.t_ In another, smaller tank, 590 kV/m has 
been measured in an explosive atmosphere, and even 
at this considerable field strength no ignition occurred. 

As mentioned above, these high field strengths were 
measured in the top of the tank, and even higher field 
strengths must have existed locally, owing to the tank 
structure. The surface of the oil in the tanks must 
have occasionally reached potentials as high as half a 
million volts without an explosion occurring. 

In view of the difficulty of obtaining precise in- 
formation as to what field strength constitutes a 
dangerous situation, it was assumed that a sufficient 
margin of safety would be established if the values of 
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SPECIFIC CONDUCTIVITY. 
picomho/m. 
Fia 3 
RELATIONSHIP BETWEEN SPECIFIC CONDUCTIVITY AND HALF- 
VALUE TIME, FOR HYDROCARBONS (e =. 


field strength normally caused by an operation were 
reduced to a very small fraction. 

In the same investigation the principle was de- 
monstrated that by increasing the conductivity of the 
oil product, the field strength could be reduced by 
the required amount. 

A large-scale research programme has been carried 
out for the purpose of deciding upon the level of 
conductivity above which the hazard due to static 
electricity can be considered negligible. In the course 
of these experiments particular attention has been 
given to the effect of the type of operation and of 
certain contaminants and additives. 

Care is necessary in interpreting the effectiveness of 
additives. Even if the conductivity imparted by 
different additives is the same, the charge generated 
may still be different, the degree of charging de- 
pending on the nature of the wall and its affinity for 
the ions. 

This has been confirmed by | experiments in which 


* The relaxation time is concept is in theovetion? on static electricity. 


It is the half-value time divided by In 2. 
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the charging properties of ** Cr-AC ”’ additive * and of 
the corrosion inhibitor Nasul EDS have been studied. 
These have been compared in steel pipes and in two 
types of filter, with various concentrations of additive. 
Usually the corrosion inhibitor charged more strongly, 
but sometimes the Cr-AC was more active in this 
respect, at corresponding conductivities (Fig 4). 

In order to obtain reproducible results in the large- 
scale experiments, these have been carried out with 
relatively pure hydrocarbons, containing known 
amounts of certain electrically active compounds. It 
has become clear that the charging activity of these 
compounds was comparable with that of the naturally 


FIELD STRENGTH 


E (kV/m) 
100 
| | 
90 T 
| 4 \\NASULEDS (IN STEEL 
; PIPE)- 
| | 
so|— | 
T 
TIN STEEL PIPE) 
| _-Cr-AC (IN RUBBER 
O12 6 12 © 2 1000 
SPECIFIC CONDUCTIVITY 
picomho/m 
Fie 4 


A COMPARISON OF THE ELECTRIC FIELD STRENGTH CAUSED 
BY DIFFERENT ADDITIVES 


The liquid is kerosine, flowing at approx 9 m/sec, 


occurring substances (oxidation products, asphaltenes) 
causing the electric effects. 

The refinery operations studied were the pumping 
of oil into refinery tanks, either with or without the 
addition of water to the oil, and the mixing of oil 
products in such tanks. Other experimental work 
covered the pumping of kerosine into a small tank, at 
high rates of flow, through a 2-inch diameter rubber 
hose or steel pipe. Work was also done on the 
electrostatic charging effect of filters. In each series 
of experiments both the linear velocity of flow and 
the conductivity were varied. 

The results showed that in refinery operations 
virgin products, which usually have conductivities 
less than 5 picomho/m, can produce very strong 
electric fields. However, if the conductivity was in- 


creased by means of antistatic additive to a value 
between 20 and 50 picomho/m the electric field 
strength was reduced very considerably. Above 50 
picomho/m the situation was considered safe, even 
under very adverse circumstances, e.g. when pumping 
oil-water mixtures. In the high-speed pumping test rig 
it was shown that high flow rates in rubber hoses and 
in steel pipes up to 10 m/sec may cause such intensive 


generation of electricity that a conductivity of 


500 picomho/m is needed in order to reduce the 
electric effect sufficiently. It was found that the 
same value was also adequate to deal with electrifica- 
tion caused by filters. 

In view of these and other tests, it can be stated 
that oil products which have a conductivity of the 
order of 1000 picomho/m may be considered safe, not 
only during normal refinery handling and operations, 
but also in situations where extreme electrification 
occurs (see also Klinkenberg 2). 


THE EFFECT OF ADDITIVES ON 
CONDUCTIVITY 


In the preceding section the conclusion was reached 
that in order to safeguard operations the conductivity 
of oil products should, in principle, be raised to a 
value of about 1000 picomho/m. This value allows 
a comfortable safety margin. In fact, for normal 
handling and refinery operations the safety margin 
may well be considered unduly large, since in these 
cases it amounts to a factor of about 20. The 
problem now is to determine what additives can be 


used to reach this desired conductivity and what, if 


any, are their side effects. 


TasLe III 


The Concentration of Various Additives Required to Reach a 
of 1000 in Hydrocarbons 


Concn, 
Solvent Solute eS 1000 Source of data 
Benzene . | Asphaltenes | — p. 78 
Dry cleaners’§; Ethanol 46 | 80,000 (3) interpolated 
Naphtha Mg oleate 51074 586 293 
Benzene. | Tiap? 10-*| 526 | 53 (1) p. 79 
CaDips * 5-10} 482 | 2400 | (1) p.79 
Gasoline Ca aerosol OT * 10} 2000 | 2000 (1) p. 83 
Or-AC 2,5°10-*} 2500 | 6-2 | (1) p. 83 
Gasoline Shell antistatic | 2 | Q) p.83 
additive | 
1 Tiap = tetra-isoamy! ammonium picrate. 
CaDips = calcium di-isopropy! salicylate. 


3 Solution of the calcium salt of di(2-ethylhexy])sulphosuccinic acid, containing 
2-0 wt % Ca, 55 wt %, inert solvent, apparent mol, wt. = ), 

‘ Solution of the chromium salt "of a mixture of mono- and di- -alky] salicylic 
acid, the alky! chains of which contain 14-18 carbon atoms, containing 2-1 wt % 
Cr, 30 wt % inert solvent, apparent mol. wt. = 2500. 

* Mixture of equal amounts of the solutions of Ca Aerosol OT and Cr-AC 
containing 42 wt % of inert solvent, 1-0 wt % Ca, 1-05 wt % Cr. 


In Table III, data have been collected on the con- 
centration of various additives required to raise the 


* Cr-AC is a solution of the chromium salt of a mixture of mono- and dialkyl salicylic acid, the alkyl chains of which 


contain 14-18 carbon atoms. 
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conductivity of a 
picomho/m. 

Several polar organic substances (alcohols, amines, 
mercaptans, acids, esters) have been examined by 
Hampel and Luther,*:* but only with a large amount 
of ethanol could the figure of 1000 picomho/m be 
reached. The further data in Table III refer to 
asphaltenes (which might also be added in the form of 
asphalt or crude oil), various metal salts, and a salt of 
an organic base. 

In order to reduce any side effects to a minimum it 
is essential to use the smallest possible amount of 
additive. This can be achieved by employing a 
principle described by van der Minne and Hermanie.'>® 
Briefly stated, this principle says that certain com- 
hinations of substances, suitably chosen, will impart a 
conductivity which is far higher than the sum of the 
conductivities produced by each of the substances 
alone. Two most effective substances are the Cr-AC 
and the Ca~-AEROSOL OT referred to in Table IIT. 
The best combination consists of nearly equimolar 
amounts of these constituents. The activity of this 
combination compares very favourably with that of 
other additives, as shown in Table ITI. 

A concentrated solution of this optimum com- 
bination of additives has been prepared, and this will 
be referred to as “ Shell antistatic additive.” This 
solution contains 1-05 per cent of chromium and 
1-0 per cent of calcium. The recommended dosage 
is 2 kg/1000 m® (0-7 Ib/1000 brl) of product. This is 
sufficient to achieve a safe level of conductivity. The 
effect. of different concentrations of Shell antistatic 
additive on the conductivity of a gasoline is shown 
in Fig 5. 

Products which are not filtered or pumped at high 
speeds could in principle be doped to a much lower 
level. However, at such a low level the loss of 
additive, due to adsorption, leaching, etc., would be 
more probable and might be difficult to control. 

As it is also much simpler to use the same dosage 
for all products and as the cost of the additive is 
hardly a factor in its application, the same dosage is 
proposed whatever the product. It should be 
realized, though, that in some products the condue- 
tivity imparted by the antistatic additive, at this 
concentration, may well differ from 1000 picomho/m 
because factors like viscosity and aromaticity may 
considerably affect its activity. The conductivity 
realized by the proposed dosage will, however, always 
allow a considerable margin of safety. 

It should be pointed out that adjusting the con- 
ductivity of the fuel by means of antistatic additive 
provides full protection in those cases only where the 
low conductivity of the fuel is the deciding factor in 
the accumulation of static electricity. However, 
when there is a large resistance not due to the hydro- 
carbon, e.g. when pumping hydrocarbons into an 
insulated container, there is always a dangerous 


light hydrocarbon to 1000 
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situation, since a spark may pass from the container 
to earth. The bonding of all equipment remains 
therefore mandatory. It must also be remembered 
that the antistatic additive will not afford protection 
against charging caused by processes other than the 
movement of the product, e.g. by steam jets. 


STABILITY OF THE ANTISTATIC 
ADDITIVE 


The first requirement of any additive is that it 
should not decompose during storage. Shell anti- 
static additive was found to be quite stable in this 
respect, both in glass and in iron containers. Samples 
have been stored for over a year without showing any 
sign of chemical instability. For the purpose of 
incorporating the additive in the refinery it has, at one 
place, been the practice to prepare an intermediate 
solution containing 0-4 kg/m*. This solution has 


| | i 
| 
DOSAGE OF SHELL ANTISTATIC ADDITIVE 
Fie 5 


CONDUCTIVITY IMPARTED BY SHELL ANTISTATIC ADDITIVE 
TO A GASOLINE 


(Boiling range 80°-110° C) 


also been in storage for a considerable length of time 
without showing any deterioration. 

It is also very important that the additive is not 
removed from the product by any physical process to 
which the product may be subjected in the course of 
normal handling. Any such removal might well 
cause a serious depletion of the additive, since the 
dosages employed are themselves extremely small. 
In fact, one of the main difficulties overcome during 
the development of the additive was to ensure its 
stability in the presence of water, which is often 
present as a separate phase in oil products at some 
stage in their life. It was found that one of the 
components considered during earlier stages of the 
development tended to be leached out by water. It 
was replaced by Cr-AC and no further trouble was 
encountered. 

It was expected that the additive might also be 
depleted by excessive adsorption on the surfaces with 
which the product was in contact, e.g. pipe walls 
and filter beds. However, no serious depletion was 


ie 
al 
j 
: 


384 KLINKENBERG AND POULSTON: 


encountered over an extended period of study, with the 
sole exception of passage through a new unimpreg- 
nated paper filter. This persisted only until the filter 
surface and the product had reached equilibrium. 

In order to establish the suitability of the additive 
for the protection of tanker loading and subsequent 
handling operations, a number of trial shipments 
were made. For these experiments an intermediate 
product in the heavy naphtha range was chosen. 
This product is regularly being shipped across the 
Channel, and, since the vapour above the liquid is in 
the explosive range, these shipments constituted the 
first practical application of the dope for the pro- 
tection of dangerous products. 

The concentration of the additive in the product 
was determined in the storage tanks before the loading 
of the tanker and checked on arrival at the point of 
destination, after the discharge of the tanker. The 
concentrations of additive are so small that the 
normal analytical methods are not sufficiently 
sensitive to measure them. The only feasible 
method of assessing the concentration of the additive 
in a product is by measuring the conductivity im- 
parted by the additive. 

Unfortunately, however, the activity of the additive 
is not only dependent upon its concentration in the 
product but also upon such factors as the viscosity 
and aromaticity. Further, the conductivities to be 
measured are very small indeed and accordingly 
difficult to determine. Data collected for a number 
of products doped with the additive can thus be ex- 
pected to show a certain amount of random variation. 


Tasie IV 


Conductivity of a heavy naphtha, doped with 2 kqg/1000 m3 of 
additive, before and after shipment 


After discharge, 
picomho/m 


Before loading, 
picomho/m 


1100 1200 
5000 1300 
2300 600 
2000 350 
1300 700 
2800 1750 
1000 700 
Average 2200 950 


During these experiments it was also discovered 
that there is an ageing effect. A freshly doped pro- 
duct has a conductivity which may be twice as high 
as the value found later for the same product. The 
major part of this drop in conductivity occurs within 
24 hours of the doping, and after one or two weeks 
the conductivity remains approximately constant. 

In the light of the above it will be seen from Table 
TV that the behaviour of the antistatic additive during 
shipment may be considered satisfactory. On the 
average the fuel arrives with a conductivity of the 


order of 1000 picomho/m, which is the desired value. 
In no case has the conductivity been reduced to below 
the value of 50 picomho/m considered safe for refinery 
handling. The experiments are still in progress, and 
improved testing methods are being developed. 


TYPES OF PRODUCT TO WHICH ANTISTATIC 
ADDITIVE SHOULD BE APPLIED 


It is required to protect the refinery and the sub- 
sequent distribution system wherever a_ volatile 
product is involved, of which the vapour forms an 
inflammable mixture in the air space above the liquid. 

Under equilibrium conditions, mixtures of air and 
hydrocarbon vapours are inflammable only when the 
concentration of hydrocarbon vapour lies between 
certain limits, known as the ‘“‘ weak limit ’’ and the 
“rich limit.” 

The concentration achieved in any given case will 
depend on the ambient temperature, and as an 
approximate guide Fig 6 has been prepared. 


"| / 
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AvGas 1opf 30 | 8 
-40 4 + | 
| 3 
-50 L j2 
40 60 80 100 120 40 160 180 200 220 240 
ASTM INITIAL BOILING POINT °C 


THE INFLAMMABILITY OF THE VAPOURS ABOVE VOLATILE 
HYDROCARBONS (CHARACTERIZED BY THE ASTM I.B.P.) AS 
A FUNCTION OF THE AMBIENT TEMPERATURE 


This figure shows the range of ambient temperature 
over which certain products form inflammable air— 
vapour mixtures. The products are characterized 
somewhat arbitrarily by their ASTM Initial Boiling 
Points, but it is, of course, equally possible to prepare 
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TABLE V 
The Effect of Antistatic Additive on Specification Properties of AVTAG 
| | AVTAG—Source A AVTAG—Source B 
Tests Specification —— — 
D.Eng.R.D. 2486 | Without |With6p.p.m.| Without | With 6p.p.m. 
| additive additive additive additive 
Appearance . . | Clear, no water, sediment or Pass Pass Pass Pass 
suspended matter | 
Yolour . — | Colourless Colourless Colourless Colourless 
Acidity, total, mg KOH/g 0-10 (max) | <0°05 < 0°05 <0°05 <0°05 
Aromatics, % vol . 25 (max) 14 14 13 13 
Olefins, % vol 5 (max) <l <l <i <i 
Corrosion (copper strip) . No corrosion, not more than | Pass Pass Pass P 
slight tarnish (ASTM la) (ASTM la) (ASTM Ia) (ASTM Ia) 
Distillation : 
% evap. at 143° C 20 (min) 49°5 50-5 48°5 49 
% evap. at 188° C 50 (min) 89 89 86 86 
% evap. at 204° C - 94:5 94°5 90°5 91 
% evap. at 243°C 90 (min) - - 
FB. °c 226 227 242 242 
Residue, ° % vol . ; 1-5 (max) 1-0 1-0 1-0 1-0 
Loss, % vol (max) 0-5 O-5 0-5 1-0 
Freezing point, ° C —60 (max) | <—60 60 <— 60 <—60 
Existent gum, mg/100 ‘ml 7 (max) 
Accelerated gum, mg/100 ml 14 (max) 1 1 1 l 
Aniline gravity product 5250 (min) 7400 7400 7500 7450 
8.V.I. ‘ 54 (min) 70 71 67 67 
Specific gravity, 60/60° 0°751—-0°802 0-757 | 0-758 0°7575 0°7585 
Sulphur, mercaptan, % wt . | 0-005 (max) or Doctor sweet | Doctor sweet | Doctor sweét | Doctor sweet | Doctor sweet 
Sulphur, total, % wt > 0-4 (max) 0-09 | 0-09 0-08 0-08 
Water reaction : 
Volume change, ml 1-0 (max) | Nil | Nil Nil Nil 
Separation Sharp separation, no emulsion | Pass Pass Pass Pass 
precipitate or suspended 
| matter 
Interface rating . “| 1b (max) 1 | 1 1 1 
TaBLE VI 
The E fect of Antistatic Additive on ae Properties of Aviation Gasoline 
AVGAS 115/145 AVGAS 
Tests Specification 
D.Eng.R.D. 2485 Without |With6p.p.m.| Without | With 6 p.p.m. 
additive additive additive additive 
Specifie gravity 60/60° F 0-7215 0-723 0-708 0-709 
Suspended matter sediment. and water Nil Nil Nil Nil Nil 
Colour Green Creen Green 
Purple Purple Purple 
Aniline gravity product 7500 (min) 8450 8400 
9000 (min) ~ 10,300 10,200 
Weak mixture rating: 
AN-P No. (IP 150) ex F2 99 ON (min) 101-2 AN-PN | 101-2 AN-PN -- -- 
AN-P No. (IP 42) F3 115 AN-PN (min) _- ~~ 117-7 117-7 
Distillation : 
10% + 50% evap. °c 135 (min) 160 160°5 162 163°5 
Final boiling point, ° C 170 (max) 162 163 163 164 
Dist. residue, % vol . 1-5 (max) 1-0 1-0 1-0 1-0 
Dist. loss, % vol . 1-5 (max) 1-0 1-0 10 1-0 
Evap. at 75° C, % vol Between 10 and 40 18°5 18°5 23°5 21°5 
Evap. at 105° C, % vol 50 (min) 70 70 57 55°5 
Evap. at 135°C, % vol. 90 (min) 90 90 92°5 92-5 
Vapour pressure (Reid) at 100° F, is 8.i. | 5°5-7-0 5°85 5-20 5-90 5°45 
Existent gum, mg/100 ml . 3-0 (max) 3 3 3 3 
Accelerated gum, oe ml ay 6-0 (max) 5 5 3 3 
Freezing point, ° C —60 (max) <-—60 <—60 <-—60 <—60 
Total sulphur, % wt : 0-05 (max) 0-03 0-03 0-03 0-03 
Corrosion (copper strip) . | Slight discoloration Passes | Passes Passes Passes 
| (max) | (ASTM la) | (ASTM la) (ASTM la) (ASTM la) 
Water Reaction : 
Emulsion precipitate or suspended 
matter within or upon either layer . | Nil Nil Nil Nil Nil 
Change in volume - ; | 2 (max) Nil Nil Nil Nil 
Interface rating 2 (max) l 1 


VOLUME 44, NUMBER 419—NOVEMBER 1958 


- 
- | 
ai 
a 
& 


386 KLINKENBERG AND POULSTON: 


TaBLe VII 


Specification 

Tests D.Eng.R.D. 2482 
Suspended matter and deposit Nil 
Specific gravity, 60/60° F ‘ 0°775-0°825 
Gravity, “API 51-40 
Colour (Lovibond 18- inch cell) 4-0 (max) 
Kinematic viscosity at 0° F, cS | 6-0 (max) 
Distillation : 


20%, vol rec. at 
50% vol rec. at °C 

vol rec. at 


F.B 300 (max) 
Recovery at 200° C, % vol . 20 (min) 
Residue, % vol . | 20 (max) 
Loss, % vol (max) 
Flash point, °F . 100 (min) 
Freeze point, F ~40 (max) 
Total sulphur, % wt . ; 0:20 (max) 
Mercaptan sulphur, % wt . 0-005 (max) 


Slight discoloration (max) 
(ASTM Ib) 


Corrosion (copper strip) 


Existent gum, mg/100 3-0 (max) 

Accelerated gum, mg/100 mg 6-0 (max) 

Aromatic content, % 20 (max) 

Olefin content, % vol . (max) 

Inorganic acidity : ; Nil 

Aniline gravity product : 4500 (min) 

Water reaction : 

Volume change, 1 (max) 

Separation : 2 . Sharp separation, no emulsion 
precipitate or suspended 
matter 


Pour . ‘ — 


a similar plot based on another product property, 
such as Reid vapour pressure, flash point, ete. 

It must be emphasized that the above information 
refers only to equilibrium conditions, which, although 
rapidly established at the surface of the liquid, may 
take many hours or days to become established in the 
upper regions of the tank. Dangerous mixtures can 
occur in the interim period. 

With a tank already containing a product, it is 
likely that the vapour space will be occupied by a 
vapour-air mixture approximating to the equilibrium 
conditions. Fig 6 then applies during the subsequent 
filling or mixing process, and if the ambient tempera- 
ture lies between the limits shown for the product an 
inflammable mixture will be present. 

With a tank initially empty and clean, on the other 
hand, no hydrocarbon vapour will be present when 
filling begins. From this stage onwards, evaporation 
takes place so that the mixture composition in the 
space above the liquid approaches the equilibrium 
value for the particular ambient temperature. If 
this temperature is above the “ rich limit ’’ it follows 
that, at some time during the filling process, the com- 
position in part or in the whole of the space will pass 


The Effect of Antistatic Additive on Specification Properties of AVTUR 


AVTUR—Source A | AVTUR—Source B 
Without Ww ith 6 p.p.m. Without | With 6 p.p.m. 
additive | e additive | additive 

Nil N il | Nil | Nil 

0-799 0-799 O-7915 O-7915 

45°6 | 47°3 47°3 

3°95 3:93 3:29 | 3°27 
| 154 | 155 | 153 | 153 
; 180 180 170-5 | 171 
| 200 200 188 | 188 
| 252 248 | 948 
| 50 | 50 66 65 
1-0 1-0 1-0 
| 107 107 102 101 
—63 —63 76 —76 
ie 0-09 0-09 0-10 
| Doctor sweet Doctor sweet | Doctor sweet | Doctor sweet 
Pass | Pass Pass Pass 


(ASTM la) (ASTM la) | (ASTM Ia) (ASTM Ia) 
<1 <1 <1 | 1 


<1 <1 <1 | l 
16 16 | 15 15 
1 1 1 1 
Nil Nil Nil Nil 
6500 6500 | 6650 6650 
| Nil Nil | Nil Nil 
Pass Pass Pass Pass 
1 1 1 1 
65 —70 —80 —s0 


through the ‘‘ weak limit ’’ into the zone where it will 
be inflammable. Only after some time will the 
composition of the mixture pass the “ rich limit ” 
into the non-inflammable zone. 

An ill-defined extension must thus be added above 
the lines shown on Fig 6 to denote a zone in which 
inflammable mixtures will exist during the time that 
equilibrium conditions are being established in the 
tank ullage, i.e. during filling or during the mixing of 
products of different volatilities. This applies, for 
instance, in the case of empty tanks which have been 
cleaned between cargoes in order to avoid con- 
tamination. Therefore, products such as gasoline, 
which normally have over-rich air-vapour mixtures, 
should also be protected. 

During many operations it is possible for some of 
the products to be physically broken up to form spray 
or mist above the liquid. In this event an in- 
flammable mixture of mist and air can be obtained in 
conditions where the equilibrium vapour-air mixture 
is too weak to burn. Therefore, below the lines of 
Fig 6 there is a region where there may be an in- 
flammable mist. 

From Fig 6 as shown, it must be concluded that 
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inflammable mixtures can occur in temperate climates 
with products ranging from gasoline via naphthas to 
kerosine. It is all the more necessary to include 
gasoline and kerosine in the group of dangerous 
products if near-Arctic and tropical conditions are 
also to be taken into account. 

Thus, in order to reduce everywhere the risk of 
explosions caused by static electricity, it is desirable 
to include the antistatic additive in all white products. 

Explosive mixtures might also occur in tanks con- 
taining untopped crudes. In this case, protection 
against build-up of static charges during pumping is 
inherent in the product, since its conductivity, as 
mentioned in a previous section, is naturally high. 


SUITABILITY OF ADDITIVE IN RESPECT 
OF PRODUCT QUALITY 


Work is proceeding on the intricate task of checking 
that the additive in no way affects the quality of the 
product into which it is blended, and that the con- 
ductivity-increasing properties of the additive are not 
seriously impaired by the presence of other additives. 
Results are sufficiently encouraging for a brief account 
to be presented. 

The product of most concern from the point of view 
of inflammability is the wide range aviation turbine 
fuel (AVTAG or JP-4 type), large quantities of which 
are being handled in the refinery and throughout the 
distribution system. Moreover, in the course of its 
further handling it is subjected to filtration and high- 
speed pumping. Effort has therefore been directed 
first and foremost towards studying the suitability of 
the additive in this product and its components. 

The results of testing the specification properties of 
samples of AVTAG (or JP-4 type) drawn from 
different sources are given in Table V. Samples 
were dosed with additive to an extent far greater than 
that necessary to obtain protection from electrostatic 
charging. For comparison, results of tests on samples 
of the fuels without additive are included. 


Clearly the Shell antistatic additive does not alter 
the specification properties of this fuel even in such an 
excessive concentration. 

As described in the previous section, other types of 
aviation fuels can in certain circumstances become 


Taste VIII 
The Effect of Antistatic Additive on Specification Properties 
of AVCAT 
AVCAT 
Tests | Specification | 
| D.Eng.R.D. 2488 | wig With 
| 
| additive 
Suspended matter and deposit | Nil Nil Nil P 
Colour 4 Colourless | Colourless 
Specific gravity at 60/60° F | 0+ 788-0-845 0-821 O-821 
Gravity,° API... | 48-36 40-8 40-8 
Kinemutic viscosity at — 30° F, | 
cs | 16-5 (max) 10-8 10-9 
Distillation : 
1.B.P.,°C 186 187 
20% v rec, at °C 203 203 
50% rec. at °C ‘ - 215 215 
90% Vv rec. at ° ( of 241 241 = 
F.B.P..°C 288 (max) 258 258 
Residue, vol | 1-5 (max) 10 1-0 
Loss, vol ‘ | 15 (max) 1-0 
Vevap. at 204°C . 10 (min) 23-5 23-5 
Flash point, ° F é —s 140 (min) 148 146 
Freeze point, ° F -| —40 (max) 49 
Total sulphur, % wt . << > 4 (max) O-11 O11 
Mercaptan sulphur, % wt . | 0-005 (max) 0-001 0-001 


| Slight discoloration Pass Pass 
(ASTM 1b)(max) | (ASTM 1a) | (ASTM 1a) 
7-0 (max) <i <1 


Corrosion (copper strip) 


Existent gum, mg/100 ml . 
14-0 (max) <1 1 


Accelerated gam, mg/100 ml 

Aromatic content, % vol 25 (max) 21 21 

Olefin content, vol 5 (max) 1 1 

Total acidity, mg KOH/g . | 0-10 (max) 0-05 0-05 

Aniline gravity product | 4500 = (min) 5550 5550 

Smoke point, mm | 18 (min) 19 19 
Water reaction: 

Volume change, m] | 1 (max) Nil Nil 

Separator . | Sharp separation, no Pass Pass 


| emulsion precipi- 
| tate or suspended 
matter 

1b (max) 1 1 


Interface rating. 


inflammable during handling. The effect of the 
additive on product quality has also been checked for 
these products, and the results are shown in Tables 
VI, VII, and VIII for aviation gasoline, aviation 
kerosine (AVTUR or JP-1 type), and high flash : 
kerosine (AVCAT or JP-5 type) respectively. ‘. 


Taste IX 


The Effect of Antistatic Additive on Properties of Illuminating Kerosine 


Kerosine A | Kerosine B Kerosine C 
| With | With | With Chromium AC in With c 
Test | With- | 3 p.p.m. | With- |3p.p.m.| With- concentration 6 p.p.m. 
| out | anti- out anti- out anti- 
additive | static | additive static (additive) 0-3 | 1 3 static 
additive | | additive | | p.p.m. | p.p.m. | p.p.m. | p.p.m. | @dditive 
Smoke point (IP 57), mm . | | 2 | | | 
| | } 
24 hr burning test (IP 10): 
Wt. dry char, mg/kg oil burned | 2 20 20 
Condition of glass— | | 
(1) Colour . Blue/ Blue/ | Blue/ | Blue/ | Light Light grey | Grey/ 
| brown | brown | brown | brown grey brown . 


(2) Remarks 


Normal Normal | Normal Normal | 
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The additive was incorporated in a concentration of 
3 kg/1000 m‘%, which is probably more than will be 
required for protection. No adverse effects were 
detected at this concentration. 

As part of the study of the high temperature 
stability of aviation turbine fuels and the use of the 
CFR Fuel Coking Rig to assess this characteristic, the 
effect of the additive oa thermal stability is under 
investigation. Results are encouraging, and suggest 
that the additive does not affect thermal stability 
under 300°-400° F conditions in AVTAG or JP-4 
type fuels, and under 400°-500° F conditions in 
AVCAT or JP-5 type fuels. 

One of the tests which is most likely to be affected 
by small doses of any additive is the IP 10 burning 
test. Table IX shows the results of a test made on 
representative samples of illuminating kerosine. In 
this a severe overdose of the antistatic additive was 
applied, and in addition the influence of various 
dosages of the Cr—-AC part of the additive was studied. 


TABLE X 


The Effect of Antistatic Additive on Specification Properties 
of Motor Gasoline 


Motor gasoline 
Tests ° With 
3 p.p.m. 
additive 
Sp. Gr. 60/60° F 0-740 0-742 
T.E.L. ml/I.G. 1-51 1-52 
IP gum, mg/100 ml 4 3 
Total sulphur, % wt 0-024 0-030 
Induction period, min: 
ASTM 450 360 
Odour Marketable | Marketable 
F-1 octane number . : 95-2 oes 2 
Reid vapour pressure, Ib/aq. in. 11-2 - 
ASTM Distillation : 
5%, 47 
10% . D4 
20%, . 67 
30% . 78 
40% . 88 
50% . 97 _ 
60% 109 
70% 127 -—— 
80% 145 
90% . 164 
95% . 176 — 
F.B.P. 180 —_— 
% Recovered 96°5 
% Residue 15 
% Loss 2-0 — 


From this table it is clear that up to 6 parts per million 
of the additive might be used without any adverse 
effect, so that the proposed dosage of 2 parts per 
million should be perfectly satisfactory. 


KLINKENBERG AND POULSTON : 


ANTISTATIC ADDITIVES 


As already indicated, it is also desirable to protect 
a product such as motor gasoline, which may in certain 
handling operations give rise to explosive vapour 
mixtures, even though it is safe under normal condi- 
tions. It can be seen from Table X that the specifica- 
tion properties for motor gasoline are not affected by 


TABLE XI 


The Effect of Antistatic Additive on Properties of a Product 
similar to Tractor Vaporizing Oil 


With 
Without 
Test additive | 
additive 
Odour Marketable 
Octane No. (F-2) 2 
Distillation : 
LBP.,°C . ; 145 
Recovery at 160° ©, % ‘vol. 16 
Recovery at 200° C, % vol 715 
F.B.P.,°C. 256 
Flash point, Abel, ° F a 84 | 84 
Total sulphur, % wt ‘ 0-196 0-196 
Existent gum, mg/100 ml 1 1 
Potential gum, mg/100 ml 2 3 
Neutralization value, mg KOH/g 0-001 0-001 


the additive. This is all the more desirable, since it 
may be required to protect certain components of 
motor gasoline separately. 

Table XI shows that the specification properties of 
tractor vaporizing oil types are not affected either. 


CONCLUSION 


It can be said that the incorporation in the products 
of antistatic additive has been proved to provide a 
means of alleviating the hazards due to static 
electricity in handling petroleum products. It has 
heen shown that the proposed additive has no 
effect on the specification properties of white 
products. Extensive tests are being carried out to 
investigate whether there are any harmful effects 
on product performance. The results so far are 
encouraging. 

The use of an antistatic additive does not do away 
with the necessity for bonding all equipment. If 
antistatic additive is applied to oil products and if all 
equipment is bonded, it may well be that pumping 
rates can be safely increased, not only in the refinery 
but also when loading tankers. 
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DISCUSSION 


E. S. Squire: It must be borne in mind that tanks are 
filled with petroleum products some hundreds of times 
a day throughout the industry. The number of cases 
where explosions occur are relatively rare, and of these 
some are due to causes other than static. The authors 
list forty-six explosions which can be attributed to 
static, and probably about half of these can be considered 
to have been concerned with normal filling of tanks. It 
is true that some products, even in the white oil category, 
are safer than others by virtue of their vapour pressure, 
but it is also true that a very large number of movements 
of the more dangerous products take place daily without 
mishap. It must be assumed, therefore, that when 
explosions are caused by static some very critical com- 
bination of conditions has arisen. 

I imagine that the authors must have been very 
disappointed when they failed to produce explosions in 
their test tank without the introduction of a spark gap, 
and I feel that this is still a serious weakness in the work. 
The results would have been far more convincing if the 
experimental work had shown that, without the additive, 
explosions could be produced at will without the intro- 
duction of artificial devices, explosions being prevented 
on addition of the additive. 

I take it that the authors would agree that the ideal 
situation would be that the conductivity of the petrol- 
eum product was such that the relaxation time was so 
low that no accumulation of charge would occur in the 
pipeline or filter, so that no charge entered the tank. 
This is perhaps too much to hope for, as it would prob- 
ably require the addition of quite unacceptable quantities 
of additive. 

One asks oneself the question, why did no explosion 
occur in the course of these experiments in the absence 
of spark gaps? The critical conditions necessary could 
not have been present, and without a detailed knowledge 
of these, we cannot be certain that the addition of the 
additive would have prevented an explosion under these 
critical conditions. This has not been demonstrated. 

It would be interesting to know whether the authors 
have any views as to why no explosions took place in 
the absence of a spark gap. 

In other publications the authors point out the com- 
plex nature of the electric fields in a tank being filled 
with oil containing static charges, but they assume that, 
whatever the intensity of these fields might be in any 
part of the tank, they will be proportional to the vertical 
field measured over the centre of the tank above the oil. 

Further, in developing a theory of the fields produced 
in a tank being filled with petroleum products, the 
calculations have been directed towards obtaining the 
strength of this vertical field. It would appear that 
this may not be the significant field to be considered, and 
that the field most likely to give rise to discharges in the 
tank might quite well be the field at right angles to this 
across the surface of the oil. The authors would doubt- 
less agree that charges accumulate on the surface of the 
oil, and I suggest that what has to be considered are the 
conditions arising from these charges on the surface of 
the oil. Whether one considers that the charges are 
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immobile and produce a field in the plane of the surface. 
or whether the charges are moving across the surface to 
the earthed shell of the tank, there is a potential gradient 
across the surface which I believe will be at a maximum 
at the shell plate, and I consider this is where the danger 
spot lies. It seems possible that discharges can take 
place across the surface of the oil, in addition to dis- 
charges from the surface to an earthed conductor. 

The nature of the surface through which the charges are 
moving is a little difficult to visualize. At equilibrium, 
where the total charge entering the tank is equal to the 
charge leaving, there are electric forces in the system 
which have resulted in charges accumulating on the 
surface. In passing from the surface to the shell of the 
tank, it is quite unlikely that these charges will move 
from the surface against these forces, and one has, there- 
fore, to consider the movement of these charges through 
a thin layer near to the surface. This might have proper- 
ties quite different from the bulk of the oil. 

An increase in the conductivity of the oil, while reduc- 
ing the relaxation time in the bulk of the oil, could also 
result in charges arriving at the surface at a higher rate, 
and having to be dissipated to earth along the surface. 

One of the critical conditions necessary to produce an 
incendiary discharge might well be connected with the 
relationship between the relaxation time of the bulk of 
the oil and the relaxation time of the surface. It should 
be pointed out here that even if the conductivity of the 
oil in the surface is the same as in the bulk of the oil, 
the relaxation time of the surface will not be the same, 
as the dimensions which determine its capacity are 
different from those which determine its resistance, and 
therefore these do not disappear from the equation for 
relaxation time. 

If the authors had succeeded in producing explosions 
in the absence of a spark gap and had shown that the 
presence of the additives prevented the explosions, the 
above argument would have no force. The criterion that 
the authors have used in determining the amount of 
additive that should be used is that the field strength as 
measured vertically above the surface of the oil at the 
centre of the tank should be reduced to a very small 
fraction of the field strength measured without the addi- 
tion of the additive. Unfortunately, this has to be 
decided in an arbitrary way. 

In the absence of more knowledge and the relation of 
this field strength to other field strengths which can be 
present, especially those across the surface of the oil, it 
seems to be a little unsafe at this stage to rely on this 
criterion. 

With regard to the specific questions arising from the 
paper: (1) Am I correct in assuming from Table I that 
the authors have no knowledge of an explosion caused by 
static when pumping oil into tankage in the absence of 
water or air in the oil? (2) In view of the extremely 
small quantities of materials required to produce static 
phenomena, is it possible that if a product containing 
the antistatic additive is pumped through a system which 
previously handled some other product with one of the 
numerous additives that are now used for various reasons, 
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would the presence of such an additive adsorbed on the 
surface of the line in the initial stages of pumping affect 
the safety that might be conferred by the use of the anti- 
static additive? (3) In Fig 6 I think the ordinate marked 
ambient temperature should really be the temperature 
of the oil in the tank, as the vapour composition near 
the surface of the oil would be more nearly related to 
the temperature of the oil than the ambient temperature. 


Dr A. Klinkenberg: We were asked if we knew of any 
accident where the oil contained neither air nor water. 
Assuming that the question refers to an explosion in a 
grounded container, e.g. a refinery tank, the answer must 
be that we do not know of such an accident. However, 
we do know of a case which comes rather near Mr 
Squire’s description and which affected us closely in that 
it initiated the present research into static electricity. 
I refer to the two accidents we had at Pernis refinery 
four years ago. The remarkable feature here was that 
the same sequence of events caused an explosion on two 
successive days. 

A certain blending procedure was being carried out 
when the tank exploded. The fire was extinguished and 
the product salvaged and transferred to another tank of 
the same size and shape. As the blending was not yet 
finished, it was continued the following day and there 
was another explosion. This was considered to be a 
very strong argument in favour of static electricity as 
the cause of both these explosions, because other possibili- 
ties, such as an open fire, sabotage, and lightning, could 
be effectively ruled out. The product had been treated 
and contained a treating haze, but it was free from large 
quantities of water. However, in all the other cases I 
know of, there are indications that considerable amounts 
of water, air, sulphuric acid, caustic soda, and the like 
were present. 

During pumping operations from tanks into tankers, 
and vice versa, most accidents occur at the beginning of 
the operation, at precisely the time when the product 
may be contaminated with water from the line. In 
several cases—offhand I remember a fire at Shell Haven 
three years ago and, more recently, an explosion ‘in 
Australia—it is quite easy to deduce that the explosion 
must have coincided with the arrival of a slug of water 
at the receiving tank. 

I am not, of course, referring in this case to explosions 
occurring in non-grounded surroundings. ‘There are cases 
that may be misleading in this respect. I might men- 
tion the case of a sampler taking a sample while standing 
in rubber boots on the roof of the tank. In this case the 
sampler, the tape, and the sampling can form an insu- 
ated conductor, which could be charged in the same way 
as the wire coil which we had connected to a spark gap 
during our experiments in Germany. In fact, there is a 
case on record of a sampler reporting sparks between his 
sampling line and the tank hatch. Obviously, this is 
not a case of completely grounded surroundings. 

Then there is Mr Squire’s question about pumping a 
product containing an antistatic additive through a 
system which previously handled some other product 
with one or other of the numerous additives now being 
used. 
the situation. Ifa batch of undoped product is followed 
through a very long pipeline by material containing 
antistatic additive, it will probably be found, although 
we have not yet tested it, that the first barrels of the 
doped material to arrive at the other end of the pipe- 
line will show depletion of additive. Therefore it is 
a wise precaution to pump slowly right at the beginning 
if one feels that the receiving tank might be in danger. 


I think that this should only serve to improve’ 


But once the pipe wall is saturated with the additive 
there should be no further depletion. If the preceding 
batch contains some other additive the same phenomena 
will occur, but if the other additive has some antistatic 
properties, as is the case of some of the anti-corrosion 
additives, the switch-over will be less abrupt. I do not 
think that the switch-over could become dangerous 
through the presence of the other additive in the first 
product. Similarly, if the product containing antistatic 
additive is followed by a product free from antistatic 
additive, desorption of the additive from the pipe walls 
will occur and the undoped product will be found to 
contain traces of the antistatic additive for some time. 

In regard to ambient temperature, I agree that it is the 
temperature of the liquid in the tank and not the temper- 
ature outside the tank which is the determining factor 
for the composition of the vapours close to the liquid. 

Mr Squire said that we mentioned only forty-six 
explosions, and that this is a very small number com- 
pared with the very large number of movements of the 
more dangerous products taking place daily without 
mishap. Of course, these forty-six did not refer to the 
entire oil industry, nor did they refer to Shell only. We 
have tried to collect as much data from our group as 
we could find, but the survey is certainly not representa- 
tive of the entire industry. 

Some of these are indeed due to a combination of 
circumstances, some abnormal handling operation being 
done or some valve being opened too fast. For instance, 
in the Australian explosion the rate of flow was tempor- 
arily decreased during the switch-over from gasoline to 
kerosine. Unfortunately, when the rate of pumping was 
increased again, the interface between the kerosine and 
the water separating the gasoline from the kerosine was 
just arriving at the kerosine tank. Moreover, the kero- 
sine happened to be slightly contaminated with the 
gasoline, sufficient to create explosive conditions in the 
kerosine tank. Under these circumstances, increasing 
the flow caused excessive electric charging, which, in 
turn, led to an explosion. 

The necessity of using a spark gap was very disappoint- 
ing. We have even doubted whether it is actually pos- 
sible to draw incendiary sparks (or corona discharges) 
from the surface of an insulator to a conductor near by. 
However, this point has been re-confirmed, both by 
workers at Esso and by Dr Nederbragt at our Amsterdam 
laboratory. In such experiments, an electrode is set over 
a liquid surface and a strong potential difference applied 
between the electrode and the liquid. It was also interest - 
ing to note that the surface became strongly disturbed, 
possibly causing local increases at field strength. 

The assumption has been questioned that whatever 
the intensity of the electric fields in a tank might be, in 
any part of the tank they will be proportional to the 
vertical field measured over the centre of the tank above 
the oil surface. This assumption is, of course, uncertain, 
but one must have some measure of static hazard. It 
is impossible to measure field strength at exactly the 
point where the discharge is going to occur. For one 
thing, it is impossible to measure local field strengths 
without disturbing the situation and, again, the local 
field strength may be totally undefined, e.g. when the 
field strength causes deformation of the liquid surface. 
We feel that measuring the vertical field strength in the 
centre of the tank is the best thing one can do to have a 
yardstick for assessing static hazard. 

It may well be that the horizontal field strength is the 
more significant, and we have therefore been developing 
a horizontal field meter. This consists of a rod with a 
cylindrical surface which can be covered by rotating 
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vanes and thus be alternately exposed to the field. In 
fact, the instrument is based on the same principle as 
our vertical field meter. This might, for instance, 
simulate conditions around a thick wire, a swingpipe 
cable, and so on. Much higher field strengths were 
found with this instrument than could be obtained with 
the vertical field meter. We have been measuring field 
strengths of 2 million volts per meter with the horizontal 
field meter, about two-thirds of the normal breakdown 
tension of air. 

On the other hand, this does not invalidate the general 
principle of using the field strength in the top of the 
tank as a yardstick. If it is true that the whole distribu- 
tion of charge is changed proportionally if an additive 
is used, then the vertical and horizontal components of 
the field strength remain proportional and one is still 
entitled to measure the vertical field strength only. 

Charge collects at the surface, but we have not con- 
sidered a lateral slow discharge through the surface. In 
other words, we have considered the space within the 
tank as being composite, consisting of air and liquid, 
and we have considered the surface as being a mathe- 
matical surface, capable of carrying a surface charge, but 
not of conducting a current. I think this is an accept- 
able mathematical picture of physical reality. 

In equilibrium there will be a surface charge and there 
is no need to bring more charge to the surface or to take 
it away again. Actually, the vertical component of the 
field strength should become zero immediately below the 
surface of the liquid. If, therefore, the charge generation 
is reduced, the excess surface charge will simply leak away 
through the bulk of the liquid, but any evidence for a 
separate contribution to relaxation by conduction 
through the surface is, of course, very interesting. 

An increase in the bulk conductivity of the oil might 
temporarily give rise to an increase of flow of charge at 
the surface. However, this will only be the case if the 
conductivity of the liquid is so low that the condition of 
maximum electrification is not yet reached. In the 
range in which the conductivity of a doped product will 
be, a further increase in conductivity will be beneficial 
for several reasons. First, the current issuing from the 
pipeline will become smaller. Secondly, the total 
amount of charge accumulated in the tank will be reduced 
because for constant current it would already be inversely 
proportional to the conductivity. So, in this case, in- 
creasing the conductivity will temporarily cause an 
increase of flow of charge away from the surface. 

Moreover, there is another argument which contradicts 
to some extent something that has been said earlier. I 
have said that if conductivity is varied the whole dis- 
tribution of charge changes proportionally. Strictly 
speaking, however, I should have mentioned that the 
effect of a considerable increase in conductivity would 
be that the charges introduced with the incoming liquid 
remain close to the inlet because they can never get very 
far into the tank in view of the relaxation. At a con- 
ductivity of 1000 units the relaxation time is only of the 
order of ;3}, second. If one considers a parcel of liquid 
having this conductivity issuing from the inlet of a tank, 
one will see that it must have lost practically all of its 
charge in a few hundredths of a second, and it cannot 
have travelled very far into the tank in that time. 
Therefore, the ultimate effect of the anti-static additive 
will be to keep the charges very close to the inlet and 
there will be no problem of excessive charge arriving at 
the surface. 


Major W. F. Howard-Jones: in any future limited 
war we in the Army are expecting to use equipment 
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which will enable us to get petroleum lines and storage 
down ina hurry. At the present time there is no civilian 
counterpart to give us any idea of what we are up against 
in respect of static electricity. The possibility of our 
problems, if any, being solved by the product itself 
sounds very attractive. 

In view of the need to lay down strategic reserves, 
there is a military requirement for long-life fuels, possibly 
up to, say, six years in storage. Is it proposed that 
your tests will be prolonged so that you could say whether 
the antistatic additive will be effective over that period? 

We are also faced with the use of high lead content 
fuel. Have either of these additives any interaction? 


Dr A. Klinkenberg: We started our research only 
four years ago, so we cannot claim to have experience 
with six years’ storage. 

There are some points of consolation. The Army 
does not subject its fuels to the severe conditions which 
the Air Force may require and, moreover, does not 
normally filter its fuel. Therefore, the requirements for 
the antistatic dope are much lower. You would be 
content to have 20 to 50 conductivity units and if you 
receive a product having 1000 conductivity units there 
is a good chance of the product still making the grade 
after six years. On the other hand, you might consider 
keeping undoped fuel in storage and adding the dope 
when the fuel is required. Again, you might obtain 
doped fuel and, after six years, dope again if necessary. 

We did check that there is no interaction effect between 
TEL and the antistatic additive. 


M. J. Stradling: Is there not an alternative approach 
to the static hazard, i.e. to construct tanks to rest on 
insulated beds? ‘The inlet, outlet, and drain lines would 
also be insulated and each line fitted with a seal to 
prevent flashback. With the elimination of the path to 
earth, no discharge would occur. This is a reversal of 
normal procedure and, therefore, an alternative protec- 
tion would have to be provided to deal with electrical 
disturbances in the atmosphere. 


Dr A. Klinkenberg: Let us consider a tank which is 
really well insulated. No electricity can leak away 
through the supports of the tank and the tank is being 
filled through a line made of a good insulator. The 
fuel entering this insulating pipeline will have been 
charged to some extent in the section of the pipeline 
preceding the insulated part. However, in the insulated 
line the charge cannot relax, and therefore all the gener- 
ated charge eventually arrives on the insulated tank, 
where it cannot leak away. Even if the tank does not 
start sparking of its own accord, stepping on it for the 
purposes of gauging or sampling will be unpleasant. 

It is very difficult to maintain good insulation under 
refinery conditions. If the inlet lines are not perfect 
insulators, but are made from substances such as rubber 
or PVC, they themselves will also produce charging. It 
may well be that the cure is more troublesome than the 
ailment for which it was devised. 


B. T. Fowler: Three points have been made which I 
would like to show are interrelated. 

Dr Klinkenberg has indicated the hazardous nature of 
a variety of distillate fuels, in particular jet fuels. In 
his introductory remarks he also mentioned the bene- 
ficial effect of reducing fuel line velocity by increasing 
pipe size. 

Mr Squire has suggested that all residual charges in 
the fuel should be removed before the product enters a 
storage tank. 
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We with Esso have also appreciated these points, and 
| would like to illustrate where this particular approach 
has led us. 

Experimental work has confirmed that electrical 
current generated in pipeline flow is given by the follow- 
ing equation: 


I = (TKV'") (I — ETV) 


where J = current issuing from line with fuel; 
T' = fuel time constant; 
K = factor determined by pipe diameter and fuel 
pipe interface ; 
V = velocity; 


Ei = base of Napierian logarithms; 
L = pipe length. 


The point I want to bring out is that the exponent of 
1-75 on fuel velocity V indicates that low linear velocity 
will keep the charge generation rate down. The factor 
within the second bracket shows that any charge enter- 
ing the tank will relax exponentially. This suggests the 
idea of a relaxation tank wherein line velocity would be 
reduced and time allowed for charge relaxation. 

Normally the last filter on a jet aircraft loading system 
is on the servicer of refueller truck located directly under 
the aircraft wing during loading. Thus the fuel passes 
from the filter at high velocities directly into the aircraft 
fuel tank with no opportunity for relaxation, and most 
of the charge generated in the filter would enter the fuel 
tank. A relaxation tank downstream of the filter would 
reduce this hazard. 
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Fig A 
CHARGE SEPARATION IN FILTERS 


Fig A illustrates our simulated aircraft loading system, 
where we have three possible paths for the fuel. One 
is straight along the pipe at the bottom of the figure 
- into the receiver drum. Another goes up through the 
filter to the receiver, and the remaining route takes in 
both the filter and relaxation tank. 

We have tested several fuels in this rig under a variety 
of flow rates with three different types of filter elements, 
and the types of results obtained are illustrated in Fig B. 

Graph 1 shows pipeline charge generation alone, and 
is put in for comparative purposes. Including the 
filter, as in Graph 2, results in a sharp increase in charge 
generation which far exceeds the pipeline generation. 
Although partial relaxation occurs in the pipeline sec- 
tions, substantial charge still reaches the receiver. 
When the main relaxation tank is added to the system, 
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as in Graph 3, all the charge is removed before reaching 
the receiver. 

Calculations based on this type of information indicate 
that relaxation tanks of apractical size, giving therequired 
fuel residence time, could be installed on a 600 gal/min 
servicer, and tests are now under way to prove this point. 
Application of this simple principle should render at least 
one normal day-to-day operation in the petroleum industry 
completely free from the hazards of static electricity. 


Dr A. Klinkenberg: Part of this story I have heard 
before in Chicago, and some of the drawings are very 
similar to those in the preprint of a paper by Bustin, 
Culbertson, and Schleckser, read at the Nov. 1957 meet- 
ing of the API. First of all there is the equation 
describing relaxation, in which the exponential power 
occurs. I was glad to see that we have all arrived at 
the same idea of an exponential increase and decrease 
in the currents. The suggestion was made that the 
1-75th power of the velocity has something to do with 
hydrodynamics. I should, however, like to criticize the 
equation used by Bustin et al, although it is based on 
their literature reference No. 3, by A. Klinkenberg. 

In that literature reference in my paper for the 1955 
World Petroleum Congress, I discussed how the ordinary 
picture of the production of a streaming current in 
laminar flow can be extended to cover the case where 
the core of the liquid is turbulent, but where the electric 
double layer is still entirely within the laminar boundary 
layer. This is the usual case in colloid chemistry when 
water or aqueous liquids are used. Combining the 
electrical behaviour of the laminar sub-layer with the 
hydraulic behaviour of the turbulent core, one arrives 
at the relation referred to above, which, by the way, is 
not my own invention, but has been put forward already 
by other people, including Mr Fordham Cooper in the 
U.K. The 0-75 part in the power of velocity is related 
to the 0-25th power of velocity in the friction factor. 

However, we came to realize that in the turbulent 
flow of hydrocarbon liquids the electric double layer 
gets so thick that it transcends the laminar sub-layer, 
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so that actually the electric charges are carried into the 
turbulent core. In the core the charges are entrained 
much faster, and thus much higher currents are produced 
than are even encountered with aqueous solutions at 
the same velocities. 

Consequently, the equation which I gave in the WPC 
paper is not applicable here. In fact, if one tries to 
calculate the electrokinetic potential from this equation, 
one arrives at an impossible result. So it requires a 
further reasoning that, in the case of turbulent flow, again 
the streaming current is approximately proportional to 
the square of the linear velocity of the liquid. We have 
put forward a suggestion to explain this in our book, 
when we say that the charging effect in turbulent flowmay 
be expected to be inversely proportional to the thickness 
of the boundary layer, which, in turn, is inversely propor- 
tional to the 7th-8th power of the linear velocity. This, 
in connexion with the convection effect, which is propor- 
tional to the linear velocity, results in the streaming 
current being proportional to the 1{th power of velocity. 
Therefore, even though I have been quoted in connexion 
with this formula, I no longer agree with the way in 
which it is applied. 

The relaxation tank has been mentioned. The relaxa- 
tion tank could, of course, remove the charge which is 
produced in the filter, but a new charge will be produced 
in the pipeline following the tank. So we need only 
consider the tank for relaxing charges generated in filters. 

We have, however, found that such charges can be 
relaxed quite easily in the lengths of hose which are 
ordinarily employed between filter and aircraft, provided 
the conductivity is sufficiently high. Therefore, if all 
products are being doped, as we believe they should be, 
there is no field of application left for the relaxation tank. 


Cdr H. D. Nixon: May I ask the authors whether the 
additive has any ill effect on the performance of spark 
ignition engines, after explosion has occurred? 


B. V. Poulston: It will be realized that it is very 
difficult to give a straight yes or no to that particular 
question. One could talk for a long time on the per- 
formance of the spark ignition engine itself, and the 
possible effects of additives on its performance. I can 
say that we are anxious to know whether an additive 
of this nature, in the very minute concentrations in 
which it is proposed to use it, affects the performance 
of the fuel in the engine. This effect is quite apart 
from that on the specification tests, which we have 
covered in the text of the paper and shown to be nil. 
The collection of this kind of performance information 
is a very long and intricate process, which is not finished 
yet. When it is finished, we will be glad to give the 
answers. I can say, at the moment, that the results 
are encouraging, but would make it clear that we are 
going into every aspect of this matter. 


J. H. McGuire: I would like to preface a technical 
enquiry with a very sincere expression of welcome at 
the advent of the Shell antistatic additive. Many 
workers who are interested in fire and explosion hazards 
have known for some years that an attempt to increase 
the conductivity of petroleum and similar fuels is the 
only completely satisfactory approach to the problem. 

My technical enquiry concerns the three categories 
A, B, and C to which Dr Klinkenberg referred. He said 
that low conductivity liquids are safe in that little 
charge is generated. With category B, the intermediate 
range, there can be a hazard, since the rate of generation 
of charge is much greater and the conductivity values 
are still not sufficiently great to dissipate the charges 
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and keep down the potentials. Now, with category C, 
why is it that the two processes are not stepped up 
equally and that there is not a greater hazard? The 
conductivities in the category C range can, we learn, be 
produced by a concentration of additive as low as two 
parts per million. Thus, the ions responsible for the 
level of conductivity are still widely separated in mole- 
cular terms, and it cannot be said that conditions are 
completely different, as would be the case if we con- 
sidered a metal. 


Dr A. Klinkenberg: When Mr McGuire says that the 
conductivities are still so low, I think that we should 
keep in mind that the amounts of charge we are dealing 
with are also extremely low. We are talking about 
charges in hydrocarbon liquids of a few microcoulombs 
per cubic metre and currents of, at the most, the order of 
10 microamperes. An ordinary bulb at 100 volts already 
carries a current of 1 ampere. We are working in a 
range quite different from that usually employed in 
electrical techniques. 

The query is: why does one get a maximum in the 
electrification if the conductivity is increased, and why 
does the curve go down again? 

If a liquid flows in a stationary state in a pipe, there 
must be a continuous generation of charge at the pipe 
wall, since there is also continuous relaxation. 

Professor Luther, from the Technische Hochschule, 
Brunswick, Germany, has supplied data to show that 
when the conductivity is raised, the generation of electri- 
city charge goes on increasing far beyond the figure I have 
mentioned as a limit of categories B and C. However, 
what will happen in a pipe? In reply to Mr Fowler, I 
explained the concept of charges getting in the turbulent 
core and being entrained there. But if the charges are 
uniformly distributed by the turbulence over the entire 
core of the liquid, they will create a very strong electric 
field. It can be calculated that there must be potential 
differences of the order of 1000 volts between the axis and 
the wall of the pipe. Therefore, if the liquid has a high 
conductivity it is impossible for this charge distribution 
to the maintained, and there is strong relaxation back 
to the pipe wall. 

Therefore, although the actual generation of electri- 
city at the pipe wall goes on increasing with increasing 
conductivity, the relaxation within the pipe also becomes 
even more important. Finally, the rate of increase in 
relaxation overtakes the rate of increase in generation 
of electricity, so that the current emerging from the pipe 
passes through a maximum with increasing conductivity. 

However, although the current at 1000 picomho/m 
may, under certain conditions, still be fairly high, there 
is yet another effect. In the stationary state the charge 
collecting in a receiving vessel at the end of a pipe will 
equal the current in the pipe times the average holding 
time of electricity in the tank. The latter happens to 
be the relaxation time. So the product of the current 
and the relaxation time is the total charge in the tank. 
But the relaxation time is inversely proportional to the 
conductivity of the liquid, and therefore the total charge 
in the tank drops rapidly with increasing conductivity. 

Thus the increasing conductivity has a double effect. 
The charges generated at the wall are for the most 
part carried rapidly back to the wall and do not even 
emerge from the pipe. If they do enter the tank, they 
are so rapidly conducted to the tank wall that there can- 
not be any considerable accumulation of charge. 


A vote of thanks to the authors was accorded with 
acclamation. 
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THE ACCURATE MEASUREMENT OF THE VISCOSITY -OF LIQUIDS 


A Symposium on the Accurate Measurement of the 
Viscosity of Liquids, arranged jointly by the Institute 
of Petroleum and the British Society of Rheology, was 
held on Friday, 6 June 1958, at 61 New Cavendish 
Street, W.1. The meeting was under the chairman- 
ship of W. Pohl (Chairman IP Sub-Committee 6, 
lubricants) and Professor E. G. Richardson (President 
of the British Society of Rheology). 

Seven papers were read and discussed and a collec- 
tion of research instruments exhibited. A visit to the 
viscometry, chronometry, and thermometry sections 
of the National Physical Laboratory, Teddington, was 
made on Saturday morning, 7 June. 

The revised Standard Methods (BS 188: 57 and 
IP 71/58) of determining the viscosity of liquids in 
¢.g.s. units, which incorporate the experience and the 
results of co-operative experimental work obtained in 
the U.K. and other countries during the post-war years 
describe a “step-up procedure for the calibration of 
several glass capillary-type viscometers of approved 
design and construction, using master viscometers and 
freshly distilled water at 20° C, with an agreed vis- 
cosity of 1-002 cP (1-0038 cS) as sole standard. 

At the First World Petroleum Congress held at the 
Imperial College of Science, London, 1933, the opinion 
was expressed by Dr Guy Barr of the National Physical 
Laboratory that the international standardization of 
viscosities should be made with viscometers of known 
characteristics rather than by the use of liquid oil 
standards, as the calibration constant of an instru- 
ment is much less likely to change than the standard 
viscosity oils. This view is maintained in the U.K. at 
the present time by the viscosity committees of the 
BSI and of the IP. In the U.S.A. standard viscosity 
vils are available for the purpose of calibrating instru- 
ments, yet it is noted that in the programme of re- 
search of the newly-formed rheology section of the 
National Bureau of Standards efforts are to be directed 
to the design of a viscometer with which the viscosities 
of standard oils could be measured routinely without 
reference to any material standard. The standard 
methods using glass capillary type instruments are 
not absolute methods in the sense that the viscosity 
in ¢.g.s. units can be calculated from the dimensions 
of the instrument, and it is necessary to calibrate each 
viscometer before use in routine measurements. 

The instruments described in the standard methods 
are given a nominal instrument constant in the tables, 
for convenience in selection, but there is an actual 
divergence from the nominal with each instrument 
after manufacture due to the tolerance in dimensions 
and capillary end effects, etc., and the divergence, 
must be determined experimentally. It is not im- 


possible for the manufacturer to produce a viscometer 
with the correct nominal constant by adjustment of 
the fiduciary markings, but the cost would be con- 
siderably enhanced. 

The problem of designing an absolute viscometer 
was considered in a paper entitled ‘‘ The Determination 
of Viscosity by the Oscillating Vessel Method,’ by 
Dr R. Roscoe (King’s College, Newcastle upon Tyne). 
He pointed out that considerable difficulty is en- 
countered in making accurate absolute measurements 
of viscosity. The only published measurements on a 
liquid with low viscosity for which a reasonable degree 
of precision can be claimed appear to be those of J. F. 
Swindells, J. R. Coe, and T. B. Godfrey (J. Res. Nat. 
Bur. Stand., 1952, 48, 1), who determined the vis- 
cosity of water at 20° C as 1-0019 + 0-0003 cP. The 
quoted error of 3 parts in 10,000 is the standard error 
of the mean result, so there is a chance of 1 in 3 that 
the actual error may exceed this amount, and hence 
even this very careful determination cannot be re- 
garded as the last word in accurate viscometry. The 
capillary tube method was used for this measurement, 
and the error in the result is principally due to the un- 
certainty of the end-correction. It is well known that 
the end-correction can always be eliminated by work- 
ing with two long tubes of different length but of the 
same radius and using the same rates of flow in each, 
provided the ends of the tubes are identical. When 
the results of Swindells, Coe, and Godfrey are treated 
in this way, however, the results obtained with differ- 
ent pairs of tubes are not quite consistent, and this 
must be attributed to very small differences in the 
ends of the paired tubes. There seems to be no way 
of getting over this difficulty, short of obtaining per- 
fection in the manufacture of the tubes. 

It is therefore worthwhile considering an altogether 
different method for absolute measurements. It was 
pointed out by Professor E. N. da C. Andrade and 
Y. 8. Chiong (1936) that the oscillating vessel method 
(originally due to Helmholtz and Piotrowski) could be 
used for precise determinations, although they claimed 
an accuracy of only about one part in 500 for their 
own measurements. In this method the liquid is con- 
tained in an axially symmetrical vessel which is held 
by a bifilar or other torsional suspension and is set in 
rotation about a vertical axis. The viscosity can be 
calculated from the logarithmic decrement and time 
period of the oscillations, the shape and dimensions of 
the vessel, and its moment of inertia. Andrade and 
Chiong used a spherical vessel while others, such as 
M. R. Hopkins and T. C. Toye (Proc. Phys. Soc., 1950, 
B63, 773) have used cylindrical vessels. 

This method has several advantages over the capil- 
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lary tube method: the apparatus is simple to con- 
struct, the observations are easy to make, the liquid is 
contained within a small space (of, say, 5 cm dimensions) 
so that temperature control is simple and the linear 
dimensions which have to be measured accurately 
(e.g. the radius of the vessel) are not inconveniently 
small. Furthermore, no uncertain factor such as the 
capillary tube end-correction enters into the calcula- 
tion of the results. On the other hand, the exact 
mathematical formule for the calculation of the 
viscosity from the observations are too complicated 
for direct use and have to be simplified by approxima- 
tions. Andrade and Chiong have given a method of 
calculation for the spherical vessel in which several 
small approximations are made at different stages. 
The method is complicated, however, and it is not easy 
to see how much these approximations influence the 
accuracy of the result. In the case of the cylindrical 
vessel, the method of calculation proposed by Hopkins 
and Toye is even more complicated, and the effect of 
the approximations used may be serious. 

A new method of calculation has been put forward 
by R. Roscoe (Proc. Phys. Soc., in course of publica- 
tion). It may be shown fairly simply that, for any 
axially symmetrical vessel oscillating with a very short 
time period (7'), the logarithmic decrement (2x4) is 
given by the relation 


IA = | . (1 — 34 — A? — 33,8...) 


where J is the moment of inertia of the vessel, 4 is the 
viscosity of the liquid, and p is its density. The 
symbol r is used to denote the distance of an element 
dS of the inner surface of the vessel from the axis of 
symmetry, and the integration extends over the whole 
surface of contact of liquid and vessel. Unfor- 
tunately, the accuracy of this formula is only about 
10 per cent when a conveniently long time period 
(say 10 sec) is used with water in a vessel of 5 cm 
diameter. An accurate treatment has been given, 
however, for the special cases of spherical and cylin- 
drical vessels. In both of these, the formula given 
above is found to be modified by the addition of other 
terms to the series which are dependent upon 4, p, and 
7',aswellasA. These terms are given by reasonably 
simple expressions, and the series converge rapidly 
under normal conditions. 

This and all other theoretical work on the method 
has been made on the basis of the Navier-Stokes 
hydrodynamic equations, neglecting the non-linear or 
“inertia’’ terms. To take these into account quantita- 
tively would be very difficult, but it can be shown that 
they must have the effect of increasing the logarithmic 
decrement at large amplitudes of oscillation. If, 
however, measurements are made with small ampli- 
tudes and it is ascertained that the decrement is 
constant within the accuracy of observation, it is 
legitimate to apply the results of this theory. 
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An experimental investigation of the possibilities of 
the oscillating vessel method has been made by R. 
Roscoe and W. Bainbridge (Proc. Phys. Soc., in course 
of publication), working with water at 20° C. The 
apparatus was essentially similar to that used by 
Andrade and Chiong. A major improvement was 
made by constructing the stem of the spherical vessel 
out of graduated capillary tubing. The liquid thus 
acted as its own thermometer, and after calibration 
the temperature could be read to the nearest hun- 
dredth of a degree. The amplitudes of oscillation 
were measured by eye to the nearest millimetre on a 
galvanometer scale 300 cm away from the bulb, and a 
statistical method has been developed for obtaining the 
best value of the logarithmic decrement from a series 
of amplitude measurements. The result obtained for 
the viscosity of water at 20° C was 1-0025 +.0-0005 cP. 

Although the accuracy was not as high as that ob- 
tained by Swindells, Coe, and Godfrey, an examination 
of the sources of error suggests that it could be made 
appreciably higher by fairly simple modifications. 
These would include an improved method of measuring 
the logarithmic decrement, and the use of a cylindrical 
vessel rather than a spherical one. The inside of a 
spherical vessel has to be surveyed with extreme 
accuracy in order to ascertain its departure from exact 
spherical form and so compute its effective radius, 
and this is a difficult operation. A similar survey of 
a cylindrical vessel could be carried out with much 
greater ease and accuracy. 

In the discussion of Dr Roscoe’s paper various 
practical methods of surveying the dimensions of the 
oscillating vessels and details of the optimum condi- 
tions of experiment were described. For example, 
measurements are made after about 10 minutes 
oscillation when a steady state had been reached. 
Using statistical analysis, the precision obtainable 
could be of the order 1 in 10,000. 

M. T. Browne (Imperial College of Science and 
Queen Elizabeth College) presented a paper entitled 
‘* Measurement of Viscosity by an Electronic Counting 
Technique.” 

An electronic counting technique suitable for the 
measurement of the damping of a vibrating body has 
been described by J. R. Pattison (Rev. Sci. Instrum., 
1954, 25, 490). This apparatus has been modified and 
applied to the determination of viscosity of fluids. The 
viscosity is derived from measurements of the damping 
of a vibrating system immersed in the medium. 

A simple measure of damping is the damping 
capacity AW/W used by O. Féppl (J. Iron. Steel Inst., 
1936, 184, 393; 1937, 185, 451), where AW is the 
energy absorbed in each cycle of vibration and W is 
the total energy of vibration. For small values of 
logarithmic decrement the following relationship holds 
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In order to calculate the damping arising from the 
viscous resistance of the fluid medium it is necessary 
to evaluate the “surface loading.” This is com- 
pletely specified by the driving point impedance of 


amplitude of shear stress 
particle velocity 


may in general be written Z, — R, + iX,. The real 
component #, results from a truly resistive force in 
phase with the particle velocity, while X, is the out- 
of-phase component. 

Thus, for a rod in torsional free—free vibration, held 
vertically, and immersed in a fluid medium to a depth 
y, the resultant log dec. 


whe, 

where w is the angular frequency, / the length, r the 
radius of the rod, and ¢, the density of the material. 

The relationship between R, and viscosity has been 
investigated by Roth and Rich (J. A. P., 1953, 24, 
940). In accordance with their phenomenological 
point of view all strains in the medium that are in 
phase with the applied stress result from a single 
overall rigidity coefficient function g(w), and those = 
out of phase result from a single overall viscosity 
coefficient function 4(w) =. It is found that for 
plane shear wave propagation in an infinite viscous 


medium of density ¢, R, = 


the medium, Z, , Which 


= 


2 If the liquid is 


in the form of a thin film some energy may be re- 


flected back from the boundary. If the surface of the 
film is free, 


R, (waa sinh 20 — sin 20° 
cos? 0 sinh? 6 | 


but if the surface is bounded by a solid material 
2 + sinh? 07 2) 


¢. sinh 20 — sin 26 | 


where 6 == t 


and ¢ is the thickness of the film. 

A beryllium—copper rod, 12 inches long by 3 inch 
diameter, held centrally by four screws, is used as the 
vibrating system and driven in its fundamental 
torsional mode by the interaction of an alternating 
current in a coil wound in grooves in the surface of the 
rod, as indicated in Fig 1, and a transverse magnetic 
field. A similar coil wound orthogonally to the first 
acts as a pick-up coil and feeds a decaying voltage to 
the electronic apparatus when the “drive” is switched 
off. The electronic apparatus is actuated and counts 
the nuinber of cycles of vibration (N) occurring while 
the an plitude decreases from one value to half this 
value. Thus the log dec. 3 = = = 
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The experiments performed with this apparatus 
have been used to confirm the form of equations (1) 
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VARIATION OF DAMPING WITH f(y), WHERE y IS THE 
DEPTH OF IMMERSION 


and (2) and to calculate the viscosity function, 7. 
Fig 2 shows the results obtained by varying the depth 


of immersion y and plotting f(y) = ly + = sin | 
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against 3;”. The linear graph confirms the functional 
relationship of equation (1). By imposing a liquid 
film between the end of the rod and a movable plunger 
held immediately below this, results have been ob- 
tained of damping as a function of film thickness. 


6,* 


THICKNESS OF LAYER X10? in. 
Fie 3 
VARIATION OF DAMPING WITH THICKNESS OF “* BOUNDED ” 
LIQUID FILM 


Plotting the log decrement (Se) against thickness in 
Fig 3, these values lie close to the theoretical curve 
obtained from equation (2) by inserting the accepted 
value of viscosity. The viscosity of water has been 
determined by immersing the rod to a depth y = 1/2, 
and the results agreed with the accepted static vis- 
cosity to within 1 per cent. With a higher viscosity 
liquid it was only possible to use a small area of 
liquid. Thus, a drop was located on a plane end of 
the rod (y = 0). This method is rapid and uses only 
a small quantity of liquid and yet gives results 
agreeing to within 3 per cent of the standard values. 
The range of frequency that could be covered by this 
apparatus, determined principally by the natural 
frequency of the chosen vibrating system, is of the 
order 1-100 ke/s. 

The apparatus is particularly adapted to measure 
small changes of viscosity if these can be induced 
without altering the conditions of the vibrating 
system. Thus, it is estimated that a 1 per cent change 
in viscosity could be measured to approximately 
5 per cent accuracy. 


VOLUME 44, NUMBER 419—NOVEMBER 1958 


OF THE VISCOSITY OF LIQUIDS 397 


In the discussion Professor Richardson enquired 
whether measurements had been made with visco- 
elastic systems. Mr Browne, in reply, outlined the 
procedure to ascertain the rigidity component of such 
systems by using films of varying thickness and noting 
the variation of damping with film thickness. 

It was pointed out that with the more viscous 
systems results could be obtained using smaller rods 
and higher frequency. 

Industry has become “ shear” conscious during the 
last two decades, mainly in connexion with the re- 
quirements of the armed services and the automotive 
industry. Dr Robert Schnurmann (Esso Research 
Ltd), in a paper on “ Viscosity Measurements at High 
Rates of Shear,” described experiments indicating the 
effect on the coefficient of viscosity of altering the 
rate of shear. 

At the rates of shear at which viscosities are usually 
measured the viscosity of liquids does not show varia- 
tions, but when the rate of shear reaches large values 
the coefficient of viscosity is no longer a constant; 
appreciable flow orientation of the molecules takes 
place with the immediate practical result of a tem- 
porary viscosity reduction while the shearing stress 
persists, accompanied by a decrease of the viscosity— 
temperature coefficient. If sufficiently large long- 
chain molecules are in the liquid, high shearing 
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stresses will bring about a permanent viscosity loss. 
Under laminar flow conditions it has been necessary 
to attain rates of shear of more than 1-6 x 10® sec! 
to break down molecules of molecular weights of 
25,000, whilst larger molecules of molecular weights 
of 100,000 can already be broken down at mean rates 
of shear of the order of 105 sec™. 
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It is important to be able to measure viscosities at 
these high rates of shear which occur in practice in 
hydraulic mechanisms and in closely fitting bearings. 
At these high rates of shear of the order of 10° sec’, 
experimental conditions must be established so that 
the sheared liquid suffers no heating, all the mech- 
anical energy being used to shear the liquid. This 
is an important point because high shearing stresses 
_can be produced by a variety of means, but most of 
these involve appreciable temperature rise. The 
complication of heating by friction forces is prac- 
tically eliminated when a liquid is forced slowly and in 
individual drops through a narrow streamlined con- 
striction, which behaves effectively like a short 
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capillary of a length-to-diameter ratio of about 2-5. 
By varying the pressure difference across this aperture 
between about 5 mm Hg and 760 mm Hg at a given 
temperature of the liquid in the reservoir, or by 
varying the temperature, the rate of shear can be 
altered within wide limits The kinetic energy 
correction for this “ jet viscometer ’’ can be deter- 
mined experimentally, and is smaller by a factor of 
about 2 than for long capillary viscometers, which 
usually have a length-to-diameter ratio of 100. 

The viscosity of any liquid containing elongated 
molecules—even quite short—can be made to show a 
temporary viscosity reduction. Castor oil, for ex- 
ample, appears to have a constant viscosity coefficient 
for rates of shear up to 5000 sec, yet at a rate of 
shear of 250,000 sec"! its viscosity is reduced by 
about 25 per cent. 

The apparent viscosity has over a wide range of 
rates of shear a falling characteristic with a point of 
inflexion. The curve bends upward when an appreci- 
able proportion of the pressure-volume energy is 
converted into kinetic energy and when turbulent 
flow takes place. Thus, to assess quantitatively the 
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temporary viscosity reduction for any particular value 
of the rate of shear, and to determine the critical 
Reynolds No., the kinetic energy correction must be 
applied to the experimental results. It has been 
shown that the critical Reynolds No. depends upon 
the length of the largest molecules in the liquid, their 
concentration, and the rate of shear. 

The viscosity of a liquid which has suffered a per- 
manent viscosity loss through severe shearing is more 
sensitive to temperature change than that of the 
liquid at low rates of shear. On the other hand, when 
a liquid suffers a temporary viscosity reduction its 
viscosity-temperature coefficient is smaller while a 
shearing stress is applied than when the stress has 
been removed. 

In the discussion that followed, the flow patterns 
through pipes of liquids, with and without “ struc- 
ture,” under various hydrodynamic conditions were 
considered. In the jet viscometer described, pro- 
vided the profile of the jet is correct it is possible to 
calculate the average rate of shear and inertia effects 
can be determined experimentally. 

The frictional heating during the passage through 
the jet raises the temperature by less than 0-05° C, 
an advantage not obtained in the rotational type of 
viscometer. 

The instrument is useful in assessing quickly under 
controlled conditions the degree of “shear break- 
down ”’ in a polymer-thickened hydraulic oil: an ex- 
amination in an experimental test rig usually takes 
500 hours. 

The subject of the flow behaviour of liquids con- 
taining added polymers was continued by Dr P. P. 
Rutherford (University College of North Stafford- 
shire), who read a paper on “ The Measurement of the 
Viscosity of Polymers at Extremely Low Concentra- 
tions.” 

Viscosity measurements for several polystyrenes in 
a series of different solvents at 15° and 25° C, using a 
U-tube capillary viscometer, gave anomalous ysp/c 
and In yr/c values at the highest dilutions. For poly- 
styrenes of molecular weight less than 40,000, up- 
swings in the graphs were observed when the above 
values were plotted against the concentration over the 
range 0-2 to 0-4 g of polymer per 100 ml of benzene at 
25°. The concentration at which these upswings 
occurred depends on: (a) the intrinsic viscosity or 
molecular weight; (b) the temperature; and (c) the 
kind of solvent used. 

Control methods and the procedure of precise 
measurement with results for specially prepared 
polymers were given; the repeatability was of the 
order 0-1 per cent. 

The flow times for the dilute solutions left in con- 
tact with powdered glass for several months were 
found to be almost unaltered, indicating that ad- 
sorption effects are negligible. The anomalous be- 
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haviour of polymers at low concentration and the 
dependence of this concentration on the intrinsic 
viscosity of the polymer are real effects, but before 
any conclusion can be drawn it is necessary to con- 
tinue the work, not only by viscosity measurements 
on a series of fractionated polystyrenes of low mole- 
cular weight, but by the measurement of other 
properties, such as, for example, light scattering and 
density in the low concentration range. 


The paper stimulated an interesting discussion on 


various aspects of the flow of polymer solutions, and 
tentative explanations were offered based on observa- 
tions with several other disperse systems, e.g. the 
orientation of liquid crystals, the restriction of the 
movement of polymer particles by the walls, electro- 
static charge, and adsorption effects. In reply, Dr 
Rutherford emphasized the need for further systematic 
work, the peculiar shape of the graphs appearing to 
negative explanations based on the effect of the walls 
and of other phenomena mentioned. 

After the tea interval a survey of viscometers and 
equipment used in a modern laboratory was made by 
K. A. Lammiman and P. R. Morris (Esso Research 
Ltd) in a paper entitled ‘‘ The Precise Measurement of 
Kinematic Viscosity in the Petroleum Industry,” 
which was illustrated with numerous slides and 
diagrams. 

In experimental research work new methods and 
equipment are constantly being devised to meet the 
demand of new problems. In routine work, relative 
rather than absolute viscometry methods are re- 
quired. The authors first described viscometers for 
various purposes and the equipment needed in routine 
analysis, e.g. thermostat baths, refrigerating plant, 
and electronic timing devices, and spoke of the pre- 
cautions usually taken to ensure the high accuracy 
specified for viscosity measurements. Pressure jets 
of various filtered solvents were used for cleaning 
viscometers between readings. Attention had been 
given to the precision obtainable with fuel oils by the 
standard method using the pretreatment prescribed 
in IP 71/58. Satisfactory agreement had been ob- 
tained with the specified precision. 

Although no fully automatic measurement in vis- 
cometry is yet available, viscometers with built-in 
platinum probes at the timing marks are now on the 
market, and the flow times may be recorded auto- 
matically. 

A description was given of both high and low 
temperature thermostats and equipment necessary 
to maintain close temperature control. Where 
small volumes of oil only are available, minia- 
ture capillary-type viscometers are used as well as 
the plate-cone and other rotary viscometers, and 
the vibrating reed instrument. It is possible to 
measure the viscosity of as small a quantity as 0-05 ml 
by comparing the rate of flow down an inclined capil- 
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lary with that of a similar quantity of oil of known 
viscosity. 

In the discussion that ensued several recent prob- 
lems in viscometry were discussed, namely, measure- 
ments at very low and high temperatures. A plati- 
num-resistance thermometer was useful for recording 
temperatures; stirring at high temperatures was 
effected by a stream of nitrogen. 

It was pointed out that the micro method of 
determining viscosity was beset with surface tension 
difficulties and was not reliable unless the wetting 
properties of the oils were similar. In addition, the 
oil rotates from the walls inwards at the meniscus, so 
that the oil apparently has a higher viscosity than 
normal (G. F. N. Calderwood, H. W. Douglas, and 
E. W. J. Mardles, Analyt. Chem., 1953, 25, 935). 
Although it is generally assumed that with the master 
viscometer the surface tension effects cause an error 
less than 0-1 per cent, yet it was found that by 
touching the menisci of water in the viscometer with 
a surface tension depressant a difference of the order 
of 0-2 per cent was observed in the flow time in the 
same way that Dr Guy Barr observed a 1 per cent 
reduction in a BS routine viscometer (G. F. N. Calder- 
wood and E. W. J. Mardles, Proc. Phys. Soc., 1953, 
67, 395; G. Barr, Proc. Phys. Soc., 1946, 58, 575). 
In the standard methods attention is directed to 
these wetting effects by recommending users to re- 
serve viscometers for the exclusive use of liquids such 
as silicone fluids, fluorocarbons, etc., which alter the 
condition of the glass surface. 

A short report on “The Standard Methods of 
Measuring Viscosity in c.g.s. Units ”’ was given by W. 
Jennings (National Physical Laboratory) and E. W. J. 
Mardles (Chairman of the Viscosity Panel, IP). 

The recommendations of the joint meeting of the 
IP and the British Society of Rheology, June 1945 
(J. Inst. Petrol., 1945, 31, 26) have been implemented 
and the practical findings used in the compilation of 
the revised standards. These specify acceptable 
types of instruments, course of procedure and a 
“ step-up ”’ method of calibration, rigid cleaning and 
filtering processes, a high precision in temperature 
control and timing, and methods of calculating the 
coefficient of viscosity from flow times, while informa- 
tion is included relating to the effect of air buoyancy, 
change in gravity, and of other factors. 

A reverse flow viscometer for opaque liquids is 
described, and in BS 188 : 57 a method of procedure 
for opaque liquids using the ordinary routine vis- 
cometers. 

The number of routine instruments has been in- 
creased; thus, for example, with the BS/U type, 
eight sizes are given, ranging from A, with a nominal 
C constant of 0-003 cS/sec, to H, with a C constant of 
10, covering a range of viscosity of 1 to 15,000 cS. 
Five sizes of miniature BS/U viscometers for use 


¥ 
| 
> 
} 
1 


400 THE ACCURATE MEASUREMENT 


when only limited quantities of liquid are available 
are also specified. 

The instruments are for use over a wide range of 
temperature; the variation in the constant C due to 
thermal dimensional changes within the range —80° 
to 120° C is calculated to be less than 0-1 per cent, and 
is neglected. 

The viscosity committees have endeavoured to 
avoid, where possible, the difficulty of using the 
quadratic equation involving B, the variable co- 
efficient of the kinetic energy of efflux, for calculating 
the coefficient of viscosity from flow times. Its use 
is avoided by choosing longer flow times so that the 
Second term of the quadratic becomes less than 
0-1 per cent. In any case flow times less than 200 sec 
should be avoided where possible to ensure timing 
accuracy. The determination of a working value for 
the coefficient B can be made by the calculation given 
in the text of the standards, thus avoiding the ex- 
pense involved in an experimental determination. 

A simplified method of determining the coefficient 
B experimentally is first to evaluate the C constant 
using an oil giving a flow time greater than 1200 sec, 
assuming the effect of the coefficient B to be negli- 
gible. A short time of flow, as near 200 sec as 
possible but not less, measured with available oils, 
is then used to obtain B by substitution of the value 
C already determined, in the equation, 


B= ct? — vt 


where ¢ is the short time of flow in sec and vy is the 
kinematic viscosity of the oil. 

An account was given of the results obtained at the 
National Physical Laboratory when putting into 
practice the methods of glass capillary viscometer 
calibration and viscosity measurement given in 
BS 188:57 and IP 71/58. These results are evidence 
of the satisfactory working of these methods. The 
accuracy has been assessed by cross-checks with other 
laboratories. A summary of results obtained during 
routine calibration of viscometers for industry was 
included. Observations made, over a period of five 
years, of the changes with time of the constants of 
several master viscometers show that the average 
difference was of the order -+-0-O1 per cent. As an 
example of the application of the standard procedure 
to the examination of several oils, the results obtained 
by several laboratories are summarized in Table I. 
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TABLE I 
Precision Obtained in Various Laboratories 


' Differences from mean value % 


Approx | 
| coeff. of 
Oil | viscosity, | Laboratories 
reference | cs — 
| (100° F) | ] T 
Gamma . 3 —0-10 +0-06 | —0-01 +0°06 | — 
Alpha. 65 —0-14 | +002 | 40-11 |Nottested| — 
Beta 390 | | —0-11 | +0-06 | Nottested| — 
OIA 8,200 | —O-41 | +017 | +019 | —0-09 | 40-14 
7 | 


| 105,000 | —0-47 | +0-32 | Not tested | Not tested) +0-15 


These results are within the precision specified in 
the methods. 

The meeting concluded with a paper by L. A. 
Steiner (Viscosity Panel, IP) entitled ‘‘ Viscometers 
and Methods of Use,”’ which dealt with the difficulty 
of using the quadratic equation for calculating the 
coefficient of viscosity from flow times, the coefficient 
B varying considerably, and outlined a method for 
obtaining the true constant of an instrument. 

The method involves a set of viscometers of the 
same design and dimensions with the exception of one 
variant, the capillary diameter. 

The constants of the series are obtained graphically 
by plotting the inverse of flow times against the ratio 
of flow times, so obtaining the infinitely large flow time 
of the family of viscometers. This method is inde- 
pendent of standard liquids. 

The author gave graphs showing the regular change 
of B with flow times and considered that the decrease 
in the final value was due to the recovery of inertia in 
the filling bulb during flow. The flow of a liquid in 
the U-capillary-type viscometer is not in accord with 
the quadratic equation, and true values for the con- 
stant may be obtained only with long flow times. 

Mr Steiner then spoke on surface tension and 
wetting effects and indicated differences in flow times 
when oils were allowed to stand in the viscometers for 
different times before testing. 

Some oils gave an orange peel effect above the 

wmeniscus, and a small but decided change in the flow 
time occurred. Viscometers designed to neutralize 
surface tension effects by using the same diameter for 
the timing and filling bulbs and with long capillaries 
were exhibited. 

The need for using electronic timing devices was 
discussed. 
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PHYSICAL AND CHEMICAL PROPERTIES OF PETROLEUM WAXES * 
By W. M. MAZEE t¢ 


SUMMARY 


Commercial paraffin waxes are mainly composed of n-alkanes together with small percentages of isoalkanes 


and/or cycloparaffins and oil. 


The straight-chain hydrocarbons show transition points. Above these temperatures the hydrocarbons are 
plastic; below the transition points they are fairly brittle. The modulus of rigidity is measured to characterize 
the rheological properties of the wax. The rheological properties are influenced by the presence of the non- 


straight-chain types of hydrocarbons. 


n-Alkanes form adducts with urea; this provides the possibility of approximately determining the amount 
of straight-chain hydrocarbons in commercial paraffin waxes. 

Paraffin wax is easily oxidized. This should be avoided in practice because of the bad odour of certain products 
formed. Addition of small amounts of an inhibitor can successfully retard oxidation. 

Microcrystalline waxes are products obtained by crystallization from solvents of certain waxy residues. They 
are mainly of the cyclo- and/or isoparaffinic type. Microcrystalline wax is characterized by a high plasticity, 
which seems to be related not only to the type of hydrocarbon but also to the ratio in which the separate com- 


ponents are present. 


THE purpose of the present paper is to discuss a num- 
ber of physical and chemical aspects of paraffin wax 
and its components, aspects that are of interest both 
from the theoretical and practical points of view. 

Two quite different types of waxes are available on 
the market; the usual type of wax, which is pre- 
dominantly macrocrystalline and is obtained from 
distillates, and a microcrystalline wax, which is 
obtained from residues. 


NORMAL COMMERCIAL WAX GRADES 


Composition and its Influence on Physical and Mechani- 
cal Properties 

The usual commercial grades of paraffin wax are 
mainly composed of n-alkanes, which have straight 
chains, but contain small amounts, between 2 and 
about 10 per cent, of iso- and/or cycloalkanes and 
some oil. 

The physical properties of the separate hydro- 
carbons in the mixtures are important factors in the 
behaviour of the wax. 

Straight-chain hydrocarbons (21-36 C atoms, the 
most important range for waxes), all show at least 
one transition point at not more than about 8° C 
helow their melting points (Table I). The crystal 
structure changes at this temperature from a more 
symmetrical form at the temperature just below the 
melting point into a less symmetrical form at lower 
temperatures. Sometimes the most symmetrical 
form is hexagonal, sometimes orthorhombic. Only 
very few really pure n-alkanes have been subjected to 
X-ray investigations.t_ A complicated behaviour is 
shown by the n-C,,H;9 hydrocarbon. It has a hexa- 
gonal form stable between 50-7° and 46-5° C, a mono- 
clinic I structure between 46-5° and 42° C, which may 
change into a metastable monoclinic II or a stable 
triclinic form.” 


The first transition in going down in temperature 
below the melting point is accompanied by a consider- 
able release of heat; the other transitions usually do 
not show appreciable heat effects. Some transition 
temperatures and heats of transition are given in 
Table 1.8 


I 
| 
Total heat} Heat of 
Normal | Melting | Transition 
on | of fusion, | transition, 
alkane —_— point, ° C | point, °C | kcal/mol | kcal/mol 
CH, | 42 | 326 | 168 3-7 
Cates 506 | 481 | 210 7-5 
CuHss | 535 | 470 | 214 6-2 
C,H, | | 23-2 8-2 
53-0 23-1 6-9 
61-2 58-0 24-4 8-5 
| 63-4 58-2 24:8 7-5 
65-4 62-0 26-0 9-0 
CH, 759 | 738 = 
| 


It is remarkable that the transition temperatures 
alternate, the even-numbered alkanes having transi- 
tion temperatures close to their melting points, while 
in the odd series the temperature differences between 
melting points and transition points are much larger. 
The heats of transition also show alternation. 

Above the transition temperature the wax crystals 
are plastic; below this temperature fairly brittle. 
This is important for the behaviour of the waxes in 
practice, where some plasticity is very useful. 

Mixing various hydrocarbons can lower the transi- 
tion points, so that the plastic range increases. A 
striking example of this lowering can be found in the 
system n-C,,H,,-n-C,,H,,. Fig 1 shows a heating 
curve, together with the complete binary system in 
question. It is seen that the « modifications give a 


* MS received 30 December 1957. 


+ Koninklijke /Shell-Laboratorium, Amsterdam (N.V. De Bataafsche Petroleum Maatschappij). 
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continuous series of mixed crystals, so that the melt- 
ing point of n-C,,H,, rises continuously upon addi- 
tion of n-C,,H,,. The transition points show a 
minimum (at about 23°C) which is far below the 


Fia 1 


A-—T-a« DIAGRAM OF MIXTURES OF AND n-C,,H,, 
B-—HEATING CURVE FOR 50 MoL % n-C,,Hy, AND 50 Mot % 


n-CosH gs 


transition points of either of the alkanes. The area 
in which plastic behaviour of this “‘ wax ”’ is shown 
is quite considerable, and is contained between the 
lower part of the melting curve and the lower part of 
the transition curve. 

A similar behaviour is exhibited by mixtures of 
other n-alkanes. Sometimes, however, no lowering 
of transition points is found, as in the system 
7, (Fig 2).° 

The mechanical properties of the waxes are im- 
portant for their behaviour in practice. Unfortun- 
ately, the penetration is too often considered a good 
criterion of the rheological properties of the wax. In 
the author’s opinion, however, the penetration is of 
little value for this purpose, and the modulus of 
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rigidity is preferred for characterizing its mechanical 
behaviour. 

Consider a bar of wax, of which a cross-section is 
given in Fig 3. The top part of the bar is subjected 
to a force at a right angle to its longitudinal axis. 


After some time the upper part of the wax specimen 
will have moved over a distance Al. If this deforma- 
tion is propagated uniformly throughout the bar it 
will be deformed in such a way that its right angles 
change by an amount y. The angle y is called the 
angle of shear. According to Hooke’s law, we may 
to a first approximation expect proportionality be- 
tween the shearing stress exerted and the resultant 
deformation. The angle will then be determined by 
the shearing force + per unit area. Thus 


Y 


where @ is the modulus of rigidity, a shearing stress 
characteristic of the material. + is easily calculated 
by dividing Al, which is determined in the experi- 
ment, by the height h of the sample. A simple 


| 
| 
| 
| 
| 
| 
| 
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PRINCIPLE OF DETERMINING THE MODULUS OF RIGIDITY 


apparatus has been constructed to measure this 
quantity.® 

The significance of the modulus of rigidity must 
now be considered. Table II records some results of 
the measurement. 


TABLE IT 
Wax grade | tm Temp, ° Penetration | ay nes em 
35/140 wax A | 15 
27 
| 40 66 54 
135/140 wax B 25 | 13 Pan 
| 35 30 10 
40 54 0-68 
140/145 wax H 25 12 ae 
35 15 110 
40 21 55 


The penetration at 25° C, the temperature at which 
it is generally determined, shows very little variation. 
The lowest figure is 12, the highest 15. ASTM 
method D 1321-54 T mentions a reproducibility of 3 
and a repeatability of 2 points at this level. One can 
hence hardly speak of any difference in penetration 
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at 25°C. Even the 140/145 wax, which is considered 
as a hard grade, scarcely shows this hardness in its 
penetration figure. 

At other temperatures also the penetration pro- 
vides little information. At 35°C waxes A and B 

have penetration figures of 27 and 30 respectively, 
which is nearly equal, whilst their moduli of rigidity 
are quite different; that of wax A is about five times 
that of wax B. This means that at a given load the 
deformation of wax B is five times greater than that 
of wax A; in other words, wax A is deformed to the 
same extent as wax B under a load that is five times 
as high. Penetration would not have allowed of any 
differentiation between waxes A and B, which are of 
the same grade, but show different rheological pro- 
perties. The modulus of rigidity is also far more 
sensitive to temperature, as can be seen from the 
figures in Table I. 

If the 140/145 grade wax H is now compared with 
the two softer grades A and B, the same lack of in- 
formation provided by the penetration is found. At 
40° C the ratios of the penetration of A and B to H 
are 3-1 and 2-6 respectively. On the other hand, the 
corresponding ratios in the moduli of rigidity are 10 
and 81, figures which allow of a much clearer 
differentiation. In other words, at this temperature 
wax H is 81 times more resistant to deformation than 
wax B, but only 10 times more than wax A if the same 
shearing stress is applied. 

In accordance with these observations it was, for 
instance, found that the wilting at certain tempera- 
tures of candles made from the various waxes could 
be predicted from the values of the moduli of rigidity, 
low values being always paralleled by marked wilting. 
The penetration did not provide any indication 
whatsoever in this respect. 

Let us now come back once more to the composition 
of the wax. As stated before, the normal grades of 
wax consist mainly of n-alkanes, a certain percentage 
of iso- and cyclo-waxes and a certain amount of oil. 
The percentage of non-straight-chain hydrocarbons 
usually varies between about 2 and 10 per cent, the 
amount of oil between 0-1 and 3 per cent. 

What happens when this mixture starts to crystal- 
lize? It is clear that the highest-melting alkane 
present in the mixture will begin to crystallize first. 
Subsequently, lower-melting components will crystal- 
lize around the crystal nuclei already formed. The 
heterogeneous composition of the crystals is even to 
be expected in the case of mixed crystal formation. 
The outside of the crystal will always contain a higher 
percentage of low-melting components than the 
nucleus of the crystal. The oil does not participate 
in the formation of the crystals at all; it is found at 
the interfaces between the crystals. 

A mixture of low-melting straight-chain hydro- 
carbons can at room temperature be above the transi- 
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tion temperature. It is therefore very plastic, a fact 
reflected in the value of the modulus of rigidity, which 
is about 200-500 times as low as that of the higher- 
melting fraction in the same wax. The iso- and/or 
cyclic waxes show a modulus of rigidity comparable 
with that of the low-melting n-alkanes above their 
transition points. As the latter low-melting com- 
ponents are found together with the oil on the outside 
of the harder crystals, they for the greater part 
determine the behaviour of the total mass. The low- 
melting waxes and the oil present act more or less as 
alubricant. This concept, which could be anticipated 
from simple considerations on crystallization, was 
confirmed by torsion experiments on bars of wax and 
by vibration experiments in which the damping of 
sinusoidal waves in wax bars was measured. 

The fact that the iso-waxes have a much lower 
modulus of rigidity, and can be deformed quite easily, 
is turned to practical use for making very plastic waxes 
for certain purposes. 

Will it be possible to make a certain wax grade 
more resistant to deformation or, in other words, can 
a certain wax be given a higher modulus of rigidity? 

A high-molecular-weight microcrystalline wax, 
which in itself has very small crystals, can decrease 
the crystal size of a macrocrystalline wax, even when 
added in a concentration of about 1 or 2 per cent. At 
a concentration of about 5 per cent, hardly any 
differences in crystal size can be observed micro- 
scopically between a pure microwax and a blend of 
macro- and microwax. 

The modulus of rigidity may be expected to in- 
crease on the addition of a small percentage of micro- 
wax to the normal waxes. If the crystal size becomes 
smaller, the total surface area of the crystals will in- 
crease and the amount of low-melting waxes will be 


Taste IIL 
Modulus 
Temp, Penetra- | of rigidity, 
Wax grade °C tion 105 dynes/ 
em? 
135/140 E 25 12 
35 19 12 
40 43 3-6 
135/140 E + 1% of high- 25 13 — 
molecular-weight micro- 35 19 46 
crystalline wax (con- 40 42 
gealing point 82° C) 


spread over a larger area, with the result that the 
thickness of the layer is much smaller. There will be 
more points of contact between the harder nuclei, and 
the resistance to deformation will be increased. 
Table III gives some quantitative data on the effect 
of adding microwax in a small percentage to a normal 
grade. 
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It can be seen that the resistance to deformation at 
35° C had become about four times as high when | per 
cent of microwax was added; at 40° C this factor was 
about three. Again the penetration did not show any 
improvement as the result of this addition. 

It should be noted that certain kinds of high- 
molecular-weight microwax, when added in larger 
percentages to normal waxes, may cause a reduction 
in the modulus of rigidity. If this property is plotted 
against the percentage of microwax added a maxi- 
mum is usually found, its position depending on the 
properties of the two components and their inter- 
action. 


Adduct Formation 


Another subject, and one that has created consider- 
able interest in the past few years, both from a 
theoretical and practical angle, is the formation of 
adducts between urea and certain components of wax. 

In 1939 Bengen 7 observed that urea could form 
a kind of compound with certain classes of organic 
substances, including aliphatic hydrocarbons, alco- 
hols, acids, and ketones. It was observed that a 
minimum chain length was necessary and that the 
carbon chain, or a certain part of the chain, had to be 
straight. Bengen applied for a patent, which he 
ceded to the IG Farben-Industrie in 1941. When 
these facts became known after the war, a large num- 
ber of investigators studied the behaviour of this type 
of adduct. The adduct between urea and hydro- 
carbons to which our discussions will be limited can 
easily be obtained by contacting the hydrocarbon 
with urea in solution. In the case of the lower 
hydrocarbons, such as or one can 
simply add the alkane to a solution of urea in methyl 
aleohol. For members higher in the range the alkane 
must be dissolved in a solvent, for instance methyl- 
isobutyl ketone, iso-octane, or carbon tetrachloride. 
The adduct precipitates as a crystalline mass. 

Analyses of various adducts showed that the ratio 
between the number of urea molecules and the hydro- 
carbon is not a whole number. In the case of decane, 
for instance, this ratio was 83:1. The normal 
crystal of urea is tetragonal, but under the influence 
of a straight-chain hydrocarbon (or alcohol, acetone, 
or acid) urea crystallizes in a different manner. Care- 
ful X-ray examination by various investigators proved 
that the urea molecule then forms a kind of hexagonal 
prism enclosing an internal channel.” * From the 
inner dimension of the prism it is evident that 
branched chains do not fit into the channel.* ® 

The oxygen atoms lie in the side of the prism. The 
urea molecules lie on top of each other with 120° 
clockwise rotation. The elementary cell is composed 
of six urea molecules and has a length of 11-1 A. One 
urea aces could be said to occupy a space of 
1-85 A. 
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It was found that one molecule of nonane binds 
7°6 molecules of urea; the length of the channel will 
then be 14-1 A. The nonane molecule has a length, if 
stretched, of 11-7 A. An empty space of 2-4 A hence 
remains in the channel. 

In the case of tetracosane it was found that one 
molecule binds 17-8 molecules of urea, the channel 
being 33 A long. The C,,H5 9 molecule is 30-6 A in 
length. Again 2-4 A of the channel remains empty 
per molecule. Calculations on the other hydrocarbons 
show the same free space in the hexagonal channels. 
The composition of the complexes as a function of 
chain length can be readily calculated. Taking the 
alternate carbon-carbon distance as 2-54 A and the 
van der Waals radius of the CH, group as 2-0 A, 
the urea-carbon atom ratio is approximately 
[0-6925(m — 1) + 2-18]: 2, where n is the number of 
carbon atoms in the straight chain. 

A methyl side group (2-31 A) on an alkane requires 
a minimum of 10-13 straight-chain C atoms before 
complexing will occur, whereas an ethyl branching 
(3-19 A) requires over 24 C atoms.!° 

The complexes or adducts formed easily decompose 
with hot water, and the adducts also decompose be- 
fore melting. Thus a true melting point cannot be 
found. 

The formation of adducts between urea and the 
straight-chain hydrocarbons (or those with but small 
branchings) provides us with the possibility of deter- 
mining these components approximately in commer- 
cial paraffin waxes. Such analyses, for example, 
reveal differences between comparable commercial 
wax of different origins. On comparing waxes with 
the same melting points from North American and 
Far Eastern base materials, for instance, figures for 
the adduct-forming components of about 80-90 per 
cent and 95 per cent (or higher) respectively are 
found; these figures confirm the view that the Far 
Eastern waxes at the same melting point contain 
more normal paraffins than the North American. 


Chemical Properties 

The most important chemical property of wax is its 
reactivity towards oxygen. There is at present little 
doubt that the oxidation is a chain reaction. The 
main chain is formed by the following reaction: 


R* + O, —~> ROO’ (peroxy radical) . . (1) 
ROO’ RH ROOH (hydroperoxide) 
+R’ (2), ete. 

R is the alkyl group. The former reaction pro- 
ceeds rapidly, the latter much more slowly. 

The alkyl radical (R*) required for this reaction can 
be formed in various ways. For instance, on the de- 
composition of the alkyl hydroperoxide—the first 
molecular reaction product, which is often present in 
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very low concentrations—an alkoxy radical and an 
OH radical may be found. 


ROOH —> RO*+ OH"... . (3) 


The RO’ or OH’ radical may react with an alkane 
molecule to form an alky] radical. 


RO’ + RH —> ROH + R° 
OH’ + RH —> H,0 + R’ 


(4), or: 


When no hydroperoxide is present the R’ radical 
can probably be formed because a CH linkage is 
activated by radiation. 


RH + hv —> RH* 
RH* -++- 0, —> R* + OOH’ 


During oxidation, acids having a bad odour are 
formed. Any oxidation should in practice therefore 
be avoided. 

The following examples can be given to illustrate the 
importance of the peroxide which may be present in 
wax. 

A commercial wax contained 0-002 per cent of 
peroxide (determined as per cent by weight of oxygen 
reacting with HI) absorbed 1 ml of oxygen per g of 
wax in 130 hours; in the case where the initial con- 
centration was 0-009 per cent the same amount of 
oxygen was absorbed in 16 hours. The tests were 
carried out at 100° C. 

Traces of aromatic compounds (as demonstrated by 
u.v. absorption) inhibited the oxidation of an iso-wax 
fraction very actively. The induction period in- 
creased from 30 hours to about 250 hours. 

A sulphuric acid treatment of wax, followed by an 
active earth treatment, removes peroxides completely. 

Addition of synthetic inhibitors, e.g. of the phenolic 
type, rapidly removes the radicals formed, so that 
propagation of the reaction is stopped. The in- 
hibitor must be added before oxidation starts, other- 
wise it is not sufficiently active. The induction 
period of a good refined wax can easily be increased 
fourfold by the addition of about LO p.p.m. of an 
inhibitor. 


MICROCRYSTALLINE WAXES 


Microcrystalline waxes have a very fine crystalline 
structure and are manufactured from residual slack 
waxes. The slack wax has to be deoiled by solvent 
deoiling; sweating is completely impossible for this 
type of wax. These waxes consist mainly of high- 
molecular-weight iso- and/or cyclo-paraffins. The 
average molecular weight is about 600-700. 
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They are characterized by a high plasticity, which 
seems to be related not only to the type of hydro- 
carbon present but also to the extremely wide range 
of melting points of these hydrocarbons. 

Microwaxes are usually used in the waxed paper 
industry for laminating two pieces of paper or a piece 
of paper and a metal foil. It is important for this 
type of wax to have a good sealing strength; in other 
words, the force required to pull the two pieces of 
paper apart should be as high as possible. An 
example of the sealing strength of a microwax and its 
fractions, from a crystallized fractionation, measured 
under certain standardized conditions, is given in the 
following example: 

Sealing strength of microwax, 24 g/em: 


Mp. °C Sealing strength, 
g/em 

1 86-5 5 
2 76 8 
3 70-5 60 
4 64 92 
5 58 92 
6 53-5 68 
7 47-5 56 
8 Al 25 
9 34 4, 

10 oil ~~ 


Combining fractions 3 and 7 gave a product with a 
sealing strength of 83 g/em; fractions 2 and 8, after 
mixing, gave a sealing strength of 46 g/cm. There is 
a pronounced maximum in the blends of the fractions 
mentioned above. 

The above results clearly show that there is a close 
relationship between the composition of a wax and its 
sealing strength. Our knowledge is at present, how- 
ever, insufficient to give an explanation for this 
phenomenon. 

Commercial microcrystalline waxes sometimes have 
a fairly high percentage of straight-chain hydro- 
carbons. Too high a percentage has an unfavourable 
effect upon the quality of the wax. 
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THE ACCELERATION OF PITTING FAILURE BY WATER 
IN THE LUBRICANT * 


By L. GRUNBERG}¢ (Fellow) and D. SCOTT t 


SUMMARY 
The effect of water content of the lubricant on the incidence of pitting type failure of ball bearings was studied 


using the four ball rolling test. 


of ball bearings in practice were tested under four conditions of water content. 


Several oils of different characteristics which are being used for the lubrication 


The presence of water in the 


lubricant accelerated the pitting failure of balls made of conventional EN.31 steel, but had no effect on the pitting 


failure of stainless steel balls. 
lubricant conditions are described. 


Microscopic investigations of the initiation of damage to balls under different 
The results are discussed, and it is suggested that strict precautions should 


be taken to prevent the contamination of lubricants with water. 


INTRODUCTION 


THE attention of this laboratory was drawn to the 
premature failure due to pitting of some large ball 
races which had been fitted to appliances operating 
in the open with very little shelter. Penetration of 
water into the lubricant was suspected, but it was yet 
unknown whether or not this could accelerate pitting 
failure. It is known already that the nature of the 
lubricant had some influence on this type of failure 
(Barwell and Scott,! Cordiano, Cochran, and Wolfe *). 
No definite information is at present available on all 
the physical and chemical properties of the lubricant 
which are involved. The viscosity of the lubricant 
was found to affect pitting to some extent, but other 
factors appeared to have a predominant effect. In 
view of the environmental conditions surrounding the 
application, it seemed useful to ascertain what effect 
the presence or absence of water in a lubricant had on 
the occurrence of pitting in ball bearings. The four 
ball rolling test, which had been developed in the 
Mechanical Engineering Research Laboratory and 
which in many experiments had proved a useful means 
of discriminating between lubricants, was employed 
for this purpose. 


APPARATUS 


The four ball rolling test has been described by 
Barwell and Scott ! and Scott * and uses essentially 
a four ball lubricant testing machine modified so that 
the three lower balls are allowed to rotate in a specially 
designed lower race to simulate the combination of 
rolling and sliding experienced in angular contact ball 
bearings (Fig 1). The criterion used is the time which 
elapses between the start of the test and the first 
appearance of a pit in the running track of the top 
driving ball. This test method shares with the normal 
four ball test the advantage of reproducible and cheap 
specimens in the form of commercial }-inch diameter 


steel balls (EN.31 1-0 per cent carbon, 1-5 per cent 
chromium, approx 900 V.P.N.). In order to investi- 
gate whether or not the presence of water in the 


Fia 
ARRANGEMENT OF THE FOUR BALL ROLLING TEST RIG 


lubricant could be associated with corrosive action, 
stainless steel balls (12 per cent Cr type, hardened, 
approx 750 V.P.N.) were used in a number of tests. 


METHOD OF TEST 


Four new balls were normally used in each test with 
bath lubrication, the lower race and holder forming 
the lubricant bath, which contained 16 ml of the 
lubricant to be tested. All tests were carried out 
under axial load of 600 kg (nominal maximum Hertz- 


* MS received 22 May 1958. 


+ Lubrication and Wear Division, Mechanical Engineering Research Laboratory, D.S.I.R., Thorntonhall, Glasgow. 
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ian stress about 500 tons/sq. inch) at 1500 rev/min. 
Provision of automatic stopping of the test at the 
onset of pitting was found to be sufficiently effective 
to permit immediate detection of the presence of even 
a very fine surface pit. The appearance of the latter 
causes slight vibration, sufficient to operate a micro- 
limit switch. 


Materials Tested 

Several service oils of different characteristics 
which are being used for the lubrication of ball bear- 
ings in practice were examined. Details of the oils 
investigated are given in Table I. 


Tasie [ 
Code Type, composition, and 
letter description of lubricant 


A | OC. 600 |Compounded oil containing) 2200 
94% mineral oil and 6% re- 
fined rape-seed oil. 


B_ | OC. 160 |Compounded oil containing 600 
90% mineral oil and 10% 
blown rape-seed oil. 


Cc | OM. 33 A refined mineral oil contain- 75 
ing 0-5% tricresyl phosphate 
as an anti-wear additive. 
Anti-oxidant, anti-corrosive, 
and anti-foam additives may 
be present. 


D | OEP. 38 | An E.P. oil to specification 90 
C.S. 2901F containing ex- 
treme-pressure additives. 


D. Eng. | A mineral oil formulated for 200 
R.D, 2472) use in aircraft engines. 


Change of Water Content of Lubricant 

It seemed important to vary the water content of 
the oils between wide limits, so as to include both the 
condition of extreme dryness and that of supersatura- 
tion which might be encountered through gross con- 
tamination of the lubricant during running. The 
lubricants were therefore tested under four conditions 
of water content: 


I. Dry.—The oil was dried over metallic 
sodium for 24 hours before. test. 

II. As Received. 

III. Saturated with Water before Test.—A 
sample of the oil was thoroughly shaken with an 
equal volume of water then allowed to settle 24 
hours. The oil was carefully decanted for the 
test. 

IV. Supersaturated with Water during Test.— 
To ensure excess water during test a small quan- 
tity (1 ml) was added to the lubricant bath im- 
mediately after the start of each test. 


The moisture content was determined by the Karl 
Fischer method * on average samples of the oils in 
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conditions I, II, and III before the test, and in con- 
dition IV after the test. Table II gives the data 


obtained. 
Tasie IT 


Water Content of Oils (% W/W) after Various Treatments 


Condition 

Oil 
a | 0027 | | 686 
B | WNil 0-022 | 0034 | 383 
c | Wil 0-052 | 0-060 6-80 
D wi | wl | 563 
E | Nil | 0033 } — | on 


The E.P. oil D behaved in a rather unusual manner 
in that no water content could be determined except 
after supersaturation during the test. It appears 
possible that the additive present either interfered 
with the chemical estimation or suffered hydrolysis, 
which process removed the water. In view of this 
rather unusual behaviour this oil was not subjected 
to the sodium treatment. 


RESULTS 
The results obtained with commercial EN.31 steel 
balls as test specimens are summarized in Table ITI. 
Those obtained with stainless steel balls are sum- 
marized in Table IV. 


Tasie 
Tests with EN. 31 Steel Balls as Test Specimens 


Lubricant A | Conditions I Ir mt IV 

| Mean life (minutes) 157 124 123 61 

Standard deviation 33 29 33 24 

Coefficient of variation, %, 21 23 27 39 

| No. of tests 6 9 7 8 

Lubricant B | Conditions I It It lv 

Mean life (minutes) 123 110 102 i4 

Standard deviation 27 27 30 18 

| Coefficient of variation, ", 22 25 29 33 

| No. of tests 7 9 7 5 

Lubricant C Conditions I if it IV 

Mean life (minutes) 82 62 a4 36 

Standard deviation 27 16 13 5 

Coefficient of variation, °, 33 26 24 17 

No. of tests 6 8 6 4 

Lubricant D | Conditions I I ill IV 

Mean life (minutes) _ 53 47 16 

Standard deviation _— 10-5 12 3 

Coefficient of variation, %, -- 26 19 

No. of tests _ 6 5 7 

Lubricant EB | Conditions I II tr IV 

Mean life (minutes) 107 60 -- 34 

Standard deviation 36 ll 8 

Coefficient of variation, % 34 18 _ 24 

No. of tests 12 35 ~e 6 
Examination of Failed Test Balls 


After the completion of tests the upper (driving) 
balls were microscopically examined in order to estab- 
lish whether or not differences in water content had 
affected the appearance of the running tracks and 
failure pits. With the oils A, B, and E the surface 
of the tracks on EN.31 steel balls was bright and con- 
tained a single small failure pit, quite independently 
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TaBLe IV 
Tests with Stainless Steel Balls 


Lubricant A Condition 2. IV 


Mean life (minutes) $4 | 35 i 
Standard deviation 7d 
Coefficient of variation, 24 29 24 
No. of tests 5 10 | | 44 
Mean life 16 
Stundard deviation } 4 | a 
Coeflicient of variation, °,, 25 Sl 
No. of tests | 3 | - 5 
Lubricant K Condition I 11 | WW IV 
Mean life (minutes) 33 $2 OC 33 
| Coefficient of variation, %, 42 ee 5 
No. of tests 7 12 6 


TYPICAL FAILURE PIT IN THE BEARING SURFACE OF AN 
UPPER EN.31 STEEL BALL (x LOO) 


Fie 3 
ROUGHENED, STAINED TRACK OF AN UPPER BALL AFTER TEST 


WITH LUBRICANT C, SUPERSATURATED WITH WATER 
(x 100) 


THE ACCELERATION OF 


of the water content of the lubricant (Fig 2 (x 100)). 
Oils C and D, which contained additives likely to 
attack the surface, gave stained or dull tracks, and in 


Fie 4 
CONTINUOUS TYPE PITTING FAILURE PRODUCED BY LUBRICANT 
D, SUPERSATURATED WITH WATER (x 100) 


Fie 5 
CONTINUOUS TYPE PITTING OF A RACE EXPERIENCED IN 
PRACTICE WHEN USING LUBRICANT D CONTAMINATED 
WITH WATER 


these instances supersaturation with water produced 
roughening of the surface (Fig 3, x 100, Oil C, con- 
dition IV; Fig 4, x 100, Oil D, condition IV). The 
roughening or continuous type pitting suggestive of 
corrosion fatigue may be likened to the damage ex- 
perienced in practice when using the same lubricant 
contaminated with water (Fig 5). 

The non-corrodible steel balls, except with Oil D 
in condition IV, had generally bright bearing surfaces 
containing fine transverse cracks (Fig 6, x 100), 
which can be regarded as preliminary to the establish- 
ment of a pit (Fig 7, 100). Again no essential 
differences were observed in tests with stainless steel 
balls when mineral oils of different water content were 
used, 
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TRANSVERSE CRACKS IN THE BEARING SURFACE OF AN 
UPPER BALL (x 100) 


ae 
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FINE FAILURE IN THE SURFACE OF A STAINLESS STEEL 
UPPER BALL (x 100) 


DISCUSSION 
The experimental results demonstrate that the pre- 
sence of water in lubricants accelerates pitting failure 
of ball bearings made of conventional EN.31 steel. 
Fig 8 shows the effect of water on the mean life 


100 


of such balls as a percentage of the mean life ex- 
perienced with the lubricants in the driest possible 
condition. Whilst removing the small quantities of 
water normally contained in oils may produce an in- 
crease in mean life of the order of about 10 per cent, 
gross contamination with water, particularly during 
running, can easily halve the mean life. With non- 
corrodibie steel balls the effect practically disappears. 
Such balls, however, have inherently such a short life 
that no advantage can be gained by their use under 
conditions in which gross contamination of oils may 
occur. 

The statistical fluctuations of the test results may 
have several causes, one of which appeared to be the 
variability of the test balls. Owing to the limited 
supply of stainless steel balls, repeat tests were some- 
times made with the same four balls, the upper ball 
being inverted in the chuck so as to present a fresh 
surface to the rotating lower balls. Times to failure 
obtained with the same upper ball and the same lubri- 
cant were invariably identical, although there was 
considerable scatter between different balls, thus sug- 
gesting that the variability of the test specimens was 
an important cause of the.fluctuations. Again, if the 
same upper ball was used to test different lubricants 
or lubricants of different water content, times to 
failure were usually in the same ratio as the average 
results for all tests. 

Whilst the effect of water content of the lubricant 
on the time to pitting is clearly demonstrated by the 
present experiments, the cause of this phenomenon is 
not clear. The first manifestation of damage to the 
materials is the appearance of fine cracks (see Fig 6). 
These cracks propagate, appear to join up, and cause 
the local formation of a pit. Whilst nothing definite 
is known about its effect on these processes, the im- 
portant effect of environment on fatigue of metals 
has been studied for many years. Gilbert‘ lists 
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references dating from 1917. Rebinder,® in his fatigue 
studies, suggests that adsorption plays an all-import- 
ant part. He envisaged that a decrease in surface 
energy of the metal in the presence of adsorbable sub- 
stances facilitates the increase in surface area which 
crack formation and propagation entail. This hypo- 
thesis, however, does not explain’ why water should 
have a very much greater effect than other adsorbates. 
Neither does it explain the superior resistance of stain- 
less steel to the presence of water. 

As an alternative to the adsorption hypothesis one 
can consider that electrochemical effects akin to corro- 
sion play a part, owing to potential differences arising 
between areas strained to different degrees. The pre- 
sent tests were, however, of such short duration that 
no microscopical evidence could be determined for 
this mechanism. As corrosive environment created 
by water content affects the results with conventional 
EN.31 steel balls, but not with non-corrodible steel 
balls, it suggests, as have several investigators,* * ® 
that corrosion fatigue is an important factor in pitting. 

Whatever the mechanism by means of which the 
presence of water accelerates pitting, the present 
work suggests that the failure under investigation was 
attributable to this cause and that strict precautions 
should be taken to prevent the contamination of 
lubricants with water. 


THE ACCELERATION OF PITTING FAILURE BY WATER IN THE LUBRICANT 


ACKNOWLEDGMENTS 

The work described forms part of the research pro- 
gramme of the Mechanical Engineering Research 
Board of the Department of Scientific and Industrial 
Research, and this paper is published by permission of 
the Director of Mechanical Engineering Research. 
The authors wish to acknowledge the interest and 
encouragement of Dr F. T. Barwell, Head of the 
Lubrication and Wear Division, and the assistance of 
J. I. Stevenson with the experimental work. The 
illustrations are Crown Copyright. 


References 


1 Barwell, F’.'T., and Scott, D. Engineering, Lond., 1956, 182, 
9, 

2 Cordiano, H. V., Cochran, E. P., and Wolfe, R. J. Lubric. 
Engng, 1956, 12 (4), 261-6; Trans. Amer. Soc. mech. 
Engrs, 1956, 78, 989. 

3 Scott, D. Inst. Mech.E., Conference on Lubrication and 
Wear, London, 1957, Paper No. 58. 

4 Gilbert, P. T. Inst. of Metals, Metallurgical Reviews, 1956, 
Vol. 1, Part 3, 379-417. 

5 Likhtman, V. I., Rebinder, P. A., and Karpenko, G. V. 
“ Effect of a Surface Active Medium on the Deformation 
of Metals.” Moscow: U.S.S.R. Academy of Sciences, 
1954. 


® Fischer, K, Angew. Chem., 1935, 48, 397. 

7 Davidson, T. F., and Kee, P. M. A.S.L.E. Preprint No. 
57LC-10, 1957. 

8 Moore, C. C., and Lewis, P. Inst. Mech.E., Conference on 
Lubrication and Wear, London, 1957, Paper No 34. 


JOURNAL OF THE INSTITUTE OF PETROLEUM, VOLUME 44, NUMBER 419— NOVEMBER 1958 


F 
4 
x 
| j 


| i 
: 
Ae 


Newman, Hender 
Forged Steel Valves 
on the British 
Petroleum Company's 
Aden Refinery 


is secured with Newman, Hender Forged Steel Valves in 


many of the larger refineries. The valves are tested and tried 


at every stage of manufacture and all standard bodies are machined from 

solid drop forgings. NH Forged Steel Valves are tight at all times and their 

maintenance cost is negligible. It is their quality and meticulously careful 
manufacture that makes them so dependable and 


justifiably popular with oil engineers. 


Descriptive literature available on request. 


—valves are tested at every stoge 
of manufocture 


NEWMAN, HENDER & CO., LTD. 
WOODCHESTER, STROUD, Glos. 


i 


**Steady 
as 
she 
goes” 


A 4,000 gallon 

8 compartment 

Mild Steel Spirit Tank (in unpainted 
condition). Mounted on Leyland chassis. 
For Regent Oil Co. Ltd. 


So says the Navy .. . but it’s just as apt and just as 
important in the Petroleum Industry where steadiness 
on the road is demanded. And that’s where Butterfield Road 
Tanks take over . . . the Butterfield method of ‘*Girder’’ 
mounting on the conventional type of chassis gives 
utmost steadiness. The sturdy dependability of these 
Road Tanks brings increasing demand for them, for 


We are equipped with economical transport of petroleum and oil the world over. 
Weld X-Ray plant, 
materials testing and 
microscopic examina- 
tion facilities for any 


required class of work. 


IN STAINLESS STEEL 


MILD STEEL OR ALUMINIUM 


500 gallon single 
compartment Mild 
Steel Tanks mounted 
on B.T.C. Trailers. 
For Mobil Oil Co. Ltd. 


For ease of reference please mark all ” 
enquiries as follows: 1/P/i1 


W. P. BUTTERFIELD LTD., BOX 38, SHIPLEY, YORKSHIRE 
Telephone 52244 (8 lines) 

Branches: LONDON Telephone HOLborn 2455 (4 lines) BIRMINGHAM Telephone EAS 087! and EAS 224! 
BRISTOL Telephone 27905 LIVERPOOL Telephone CENtral 0827 ##MANCHESTER Telephone BLlAckfriars 9417 
NEWCASTLE-ON-TYNE Telephone 23823 GLASGOW Telephone CENtral 7696 BELFAST Telephone 57343 DUBLIN Telephone 73475 and 79745 
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PRESERVATION 


Head of HAMMURABI King of 
Babylon Circa 1728-1686 B.C. 


IN THE MIDDLE EAST nature has buried and preserved traces of ancient cities and 
palaces. The sands of Egypt overwhelmed the Valley of the Kings. Great 
Empires which once flourished in Mesopotamia were reduced to mysterious 
mounds in the desert. Huge temples have eroded away while delicate writings 
on Papyrus have been preserved. 


It is a region of violence and contrast, presenting anew to the 20th Century its 
problems of preservation. Problems not alone of material preservation but in a 
broader sense—of the preservation of our standards of life. 


Fully aware of their responsibility to maintain an invariable standard of 
preservation inch-by-inch over hundreds of miles of pipeline, many oil Engineers 
insist on the use of ** BITUMASTIC ” coatings. The tough proving ground of 
the Middle East has demonstrated over the years, the wisdom of their choice. 


A list of leading Oil Companies using “* Bitumastic”’ products is given with technical 
information in our Pipeline Data Booklet. Send for a copy today. 


SPECIALISTS IN ANTI-CORROSIVE COATINGS 
SPECIALISTS IN PIPELINE PROTECTION 


‘BITUMASTIC 


H 133 WAILES DOVE BITUMASTIC LTD HEBBURN — co. DURHAM 


iv 


| 
| 
J ag | 
oly \| | 

| 
i 


3 refiners the world over 
: GELSENBERG BENZIN A. G. 
Behe. in its refinery at 
Gelsenkirchen-Horst, 
West Germany, uses 
Age. After almost four years’ operation of a 7,100 BPSD 
can Platforming uni: Gelsenberg has ad ded another 
Platforming unit, this time installing a unit with a 
capacity of 12,000 BPSD, on streamin June, 1958. 


os Gelsenberg Benzin A. G. is typical of the many 
gefiners who rofitable experience with their 


‘ormer have installed additional 

Platforming capacity. 
Universal makes available a full range of petroleum 
refining and petrochemical processes for efficient 
and profitable operation. Too, technical services 
viding the most advanced refinery know-how 

in the operation of Universal's processes are 
available to refiners anywhere in the free world. 


More Than Forty Years Of Leadership 
In Petroleum Refining Technology 


*Registered Trademark of the 
Universal Oil Products Company 


PLATFORMING* 
AND UNIFINING** 
PROCESSES 


UNIVERSAL OL 
* PRODUCTS COMPAAY 


30 Algonquin Road, Des Plaines, Mk, USA, 


Representative in England: F. A. Trim, 
Bush House, Aldwych, London, W. C. 2 
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are growing 
in England... 


The steady increasing demand for 
synthetic rubber explains the growth of 


aY/ these relatively new petrochemical plants 
oO in England. In recent years leading petro- 
chemical and petroleum firms not only in 
the United Kingdom but throughout 

the world have been increasing their production of butadiene. Butadiene is the major constituent of the general 


purpose rubber called GR-S. The Kellogg organisation has been associated with several of these projects. 

The Kellogg organisation has had considerable research and development experience in connection with 

butadiene plants. Recently, for an internationally recognised producer of synthetic rubber the Kellogg organisation 
completed a joint research and engineering design development study to improve operating efficiency 

and reduce the capital investment of butadiene plants. 
In the engineering design of both butadiene production plants and butadiene extraction units, the Kellogg 
organisation can now render exceptionally valuable services. Firms contemplating butadiene expansion 
are invited to consult with the Kellogg International Corporation. 


: Kellogg International Corporation 


SOCIETE KELLOGG PARIS 
; THE CANADIAN KELLOGG COMPANY LTD: TORONTO 
a KELLOGG PAN AMERICAN CORPORATION « NEW YORK 
COMPANHIA KELLOGG BRASILEIRA RIO DE JANEIRO 
COMPANIA KELLOGG DE VENEZUELA CARACAS 


Subsidiaries of 
THE M. W. KELLOGG COMPANY 
NEW YORK 
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THE 
DEAREST FISHING 
IN 
THE WORLD! 


When a drill-string breaks, perhaps 
thousands of feet below ground, it has 
to be fished for. Weakening of the string 


by corrosion, one of the commonest 


causes of this costly setback, has now 


been effectively controlled by adding 


sodium chromate to the drilling fluid. 


Established chrome treatments for 


ferrous and non-ferrous metals are 


constantly proving their value in new 


fields, and research is continually adding 


new techniques. British Chrome & 


Chemicals are always happy to assist in 


development work as well as supplying 


existing needs. 


BRITISH 
CHROME & CHEMICALS 
LIMITED 


(A member of 
Associated Chemicals Companies Limited Group) 


Manufacturers of : Sodium Bichromate, Anhydrous Sodium Bichromate, Potassium Bichromate, 
Ammonium Bichromate, Sodium Chromate, Potassium Chromate, Chromium Sulphate, Chromium Oxide, Chromic Acid. 


All enquiries to: Associated Chemical Companies (Sales) Limited, P.O. Box No. 6, Leeds. Tel: Leeds 29321/8 Grams: Aschem, Leeds. 


BCC 10629 


DRILLING, PRODUCTION 
and PIPE LINE EQUIPMENT 


DERRICKS - SUBSTRUCTURES and ACCESSORIES 


MASTS, DRILLING RIGS - Drawworks and Compounds 
(Manufactured under EMSCO Licence) 


DRILL-COLLARS, TOOL-JOINTS, SUBSTITUTES 
DRILLING BITS and CUTTER HEADS 


DIESEL ENGINES specially designed for all Petroleum Industry requirements 
”“M.G.O.” -”POYAUD” - “DIESELAIR” - for 40 to 1600 BHP 

POWER SLUSH PUMPS from 30 to 900 HP - POWER PUMP UNITS 
DISCHARGE and SUCTION HOSE - MUD LINE ACCESSORIES 

MIXERS - CEMENTING DEVICES - PUMPING UNITS 


Sté Nationale de Matériel 


pour la Recherche et 


Exploitation du: Pétrole. 


12, rue Jean-Nicot - Paris-7e-Tél. SOL. 89.89 


HANDY VOLUMES 
OF THE 


ASTM/IP PETROLEUM MEASUREMENT TABLES 


British and Metric Editions 


Vol. A. Interrelation of Units, Gravities and Vol. G. Reduction of Volume me. beageee 
Density and Volumes . 2 Specific Gravity 60/60°F. 


Vol. B. Weights per Unit Volume and Volumes Vol. H. Miscellaneous Metric Tables 


per Unit Weight against Sp. Gr. 60/60°F.... as 
Vol. I. Reduction of Observed Density and 


Vol. C. Reduction of Observed Specific ° 
Gravity and Volume to 60°F. For LPG and — IS a. For LPG and rial 


Casinghead Gasoline ... 


Vol. J. For Aviation Gasoline, nee Gaso- 


Vol. D. For Aviation Gasoline, Motor Gaso- line, Kerosine and Gas Oil 


line, Kerosine and Gas Oil 
Vol. E. For Diesel Fuel and Fuel Oils .. 6 6. Vol. K. For Diesel Fuel and Fuel Oils 


Vol. F. For Fuel Oils and Bitumen ... oes 6 6 Vol. L. For Fuel Oils and Bitumen ... 
British Tables A—G; Metric Tables H—L 


Obtainable from:— 


INSTITUTE OF PETROLEUM 
61 New Cavendish Street, London, W.1 
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Made under licence to Gilbert and Barker Mfg. Co. U.S.A. For full details write to: 


TREFOREST - PONTYPRIDD - GLAMORGAN 
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GILBARCO 
Firth Cleveland 


The Gilbarco Gauge is a highly accurate 
electronic instrument for indicating liquid level in 
deep tanks. Here are a few of its advantages :— 


é It can be installed in tanks of all types to 
indicate liquid level or the interface 
between two liquids. 


6 It gives continuous readings of liquid level 
(regardless of specific gravity) to within a few 
thous. of an inch of height—a feature of 
particular importance for tanks 

with large surface areas. 


é It provides local and remote indication 
with a signal to operate data reduction or 
logging equipment if required. 


ry It is suitable for operation in hazardous 
areas and in extremes of temperature. 


é In multiple storage tank installations, 
one remote indicator can be arranged to 
display the contents, in turn, of up to 50 tanks. 


é Routine maintenance can be readily 
performed without taking the tank out of service. 


Gilbarco Gauges of our production will 
shortly be available to Buxton flame-proof 
specification or to American Class 1. 
Group D, Division 1 classification 


FIRTH CLEVELAND INSTRUMENTS LTD 


A MEMBER OF THE FIRTH CLEVELAND GROUP 


Branches: Birmingham, Manchester, Glasgow, Stockholm, Copenhagen, Ballarat, Sydney, Johannesburg, Naarden, Milan and New York. 
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SERVING 
$ 
TRANSPORT 


Seventy years of experience back up MANNESMANN's reputation as a leading maker 
of high-quality seamless pipe to API standards for oil transport and for other uses 


in all industries throughout the world. This same experience is built into every pipe 
leaving the MANNESMANN pipe mills in Germany, Brazil, or Canada. 


Our main products are seamless and welded line pipe, tubing, and drill pipe. 
We also manufacture extreme line casing and tubing under licence of Spang-Chalfant. 


Dusseldorf Germany 


MANNESMANN-EXPORT 


Branch offices and agencies all over the world 
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BROTHERHOOD 


VERTICAL AND HORIZONTAL 


STEAM TURBINES 


FOR DRIVING PUMPS, ETC. 


Wide range—All types. 
Over 50 years’ experience. 
Hundreds in hand— 
thousands in service. 


BROTHERHOOD 
VERTICAL AND HORIZONTAL 


COMPRESSORS 


Air, GasandRefrigerating. 


The widest range in the 
British Empire—made tosuit 
your requirements. 
Thousands in service. 


BROTHERHOOD 
GENERATING SETS 


Turbine driven up to 

11,000 kw. 

Engine driven up to 340 kw. 
Scores in hand, hundreds 
in service. 


also Manufacturers of all kinds of 
PLANT TO CUSTOMERS’ OWN DESIGNS 


WHY NOT SEND YOUR PROBLEMS TO US? 


We shall be pleased to investigate them confidentially 
without commitment 


COMPRESSOR & POWER PLANT SPECIALISTS FOR NEARLY A CENTUR 
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tmospheric and Vacuum Distillation Units 


Combined Distillation, Cracking, Reforming and 
apour Phase Treating Units 3 


ressure Distillate Re-run Units 
asoline Recovery and Stabilization Units 
ractionating Columns and Tube Stills 


Wax Refining, Sweating and Moulding 


CRAIG & COMPANY LIMITED 
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